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ABSTRACT 
An adsorptive bubble separation technique was used to examine the 
ability of bubbles to tran$port particulate matter in surface seawater 
samples. A substantial fraction of the particulate organic carbon (POC) 
and particulate organic nitrogen (PON) could be recovered in.the froth 
generated by this technique from both estuarine and open-'-ocean surface 
waters .. Recovery values were lower in samples taken during periods of 
high productivity. C/N ratios of the particulate matter recovered in 
the froth were generally not significantly different from the particulate 
matter not recoverable by this technique. Budget calculations indicated 
that there was no significant conversion of dissolved organic matter 
to particulate organic matter during the flotation process although 
large macroscopic particles were observ.ed to· form quite readily in the 
froth. This bubble induced formation of large particles may be a 
significant process leading to the transport of large particle POC to 
deep waters. 
The recovery of particulate trace metals (PTM) from estuarine and 
open-ocean surface samples was generally higher than that for POC and 
PON, suggesting that the particles trarisported by bubbles were richer 
in PTM than those remaining behind. PTM recovery values in open-ocean 
samples were found to be similar to those observed in Narragansett Bay. 
This observation was consistent with the results observed for POC and 
PON. However, interpretation of the results of the open-ocean flotation 
experiments was difficult due to the unexpectedly low PTM concentrations 
observed in• these samples and the consequently greater problem presented 
by contamination. Particulate trace metal concentrations of the Sargasso 
Sea were lower than .. or equivalent to the lowest concentrations 
previously reported in the literature for open-ocean surface waters. 
Examination of the relative variations in PTM with respect to particu-
late aluminum and carbon led to the conclusion that organic matter 
was the probable regulator of PTM abundance in open-ocean surface waters 
and was important in this respect for continental shelf and slope waters 
as well. 
Bubble transport fluxes of POC and PTM in the Sargasso Sea were 
estimated on the basis of the flotation experiment results. Bubble 
transport was found to be capable of producing observed surface micro-
layer concentrations of POC and PTM in a matter of minutes, suggesting 
the importance of bubble transport in this respect. Bubble transport 
rates were compared with atmospheric deposition rates of PTM which 
were estimated using published atmospheric trace metal concentrations 
in marine air sampled at Bermuda over a two year period. The ratio of 
the bubble-transport flux and atmospheric-deposition flux were close 
to unity for all the metals which were analysed,. suggesting that both 
bubble transport and atmospheric deposition may make important con-
tributions of trace metals to the surface microlayer. 
Enrichment f~ctors of trace metals referenced to their crustal 
abundances were found to be similar in the atmosphere sampled at Bermuda 
and in Sargasso Sea surface water particulate matter. A simplistic 
vertical flux model was constructed which showed atmospheric input of 
trace metals to the Sargasso Sea to be of the same approximate magnitude 
as the rate of removal of PTM from the mixed layer by sinking in 
association with POC. Essentially all of the particulate Al, Fe, and 
Mn in the Sargasso Sea mixed layer were attributed to aeolian sources. 
The fate of other atmospherically derived trace metals in the Sargasso 
Sea mixed layer was suggested to be a function of their solubility in 
seawater. 
Finally, measurements of organic carbon in Bermuda air indicated 
that very_little of the POC brought to the sea-air inferface by bubbles 
was ejected into the air. PTM/C ratios observed in Bermuda air were 
much higher than those observed for particulate matter in_ seawater, 
suggesting the latter to be an unlikely source of the anomalously 
enriched trace metals in the atmosphere. 
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PREFACE 
This thesis has been prepared in the manuscript format. It consists 
of six manuscripts, five in the main body of the thesis and a sixth as 
an appendix. Introduction and concluding remarks are also given in the 
main body of the thesis in order to bring the thesis together as a 
recognizable whole. A. bibliography including all literature cited 
throughout the thesis is provided in an appendix. 
The first manuscript entitled, "Concentration of particulate trace 
metals and organic carbon in marine surface waters by a bubble. flotation 
mechanism," by.G. T. Wallace, Jr. and R. A. Duce was published in Marine 
Chemistry (1975). It describes the results of the flotation experiments 
with respect to the recovery of particulate organic matter and espe-
cially particulate trace metals in estuarine waters. The basic 
analytical procedures used throughout the remainder of the thesis are 
described in detail in this paper. 
The second manuscript entitled, "The influence of organic matter 
and atmospheric deposition on the particulate trace metal concentration 
of Northwest Atlantic surface seawater," by G. T. Wallace, Jr. and 
R. A. Duce is to be submitted to Marine Chemistry. The manuscript is 
a detailed examination of the trace metal and organic C and N content 
of open-ocean surface particulate matter. The importance and contri-
bution of particulate organic matter and aluminosilicate material to 
the concentration of particulate trace metals in open-ocean surface 
V 
waters are discussed. A simple vertical flux model is used to describe 
the influen~~ ~f atmosph~ric deposition, bubble transport, and sinking 
of particulate organic matter on the movement of particulate trace· 
metals through the Sargasso Sea mixed layer. 
The third manuscript entitled, ''Op~n-ocean bubble transport of 
particulate trace metals," by G. T. Wallace, Jr.· and R. A. Duce is to 
be submitted to the Journal of Geophysical Research. This manuscript 
describes the results obtained from ship-board and Bermuda-based 
flotation experiments. Open-ocean bubble transports of particulate 
trace metals are compared with atmospheric fluxes of trace metals to 
the sea-air interface and the significance of this observation 
discussed. 
The fourth manuscript entitled, "Bubble transport of particulate 
organic matter in marine waters," by G. T. Wallace, Jr. and R. A. Duce 
is to be submitted to Limnology and Oceanography. The manuscript 
describes the ability of bubbles to transport particulate organic 
matter and discusses the significance of this observation with respect 
to formation of surface microlayer enrichments, conversion of dissolved 
organic matter to particulate organic matter, and particle aggregation. 
The fifth manuscript entitled, ''Consideration of particulate trace. 
metals in marine suiface waters as a source of trace metals in the 
marine atmosphere," by G. T. Wallace, Jr., I. S. Fletcher, and R. A.Duce 
is to be submitted to Geophysical Research Letters. The manuscript 
vi 
uses the informatioh derived from the flotation experiment results and 
measurements of organic carbon in the atmosphere to address the question 
of whether bubble transported particulate matter can produce observed 
atmospheric anomalously enriched concentrations of trace metals. 
The final manuscript entitled, "Filter washing, a simple means 
of reducing blank values and variability in trace metal environmental 
samples," by G. T. Wallace, Jr., I. S. Fletcher, and R. A. Duce has 
been submitted to Analytical Chemistry. The manuscript describes an 
acid-washing technique which lowers filter blanks and their variability 




TABLE OF CONTENTS 
LIST OF TABLES : 
LIST OF FIGURES 
Chapter 
I. INTRODUCTION 
Adsorption and the surface microlayer 
The surface microlayer and bubbles .. 
The adsorptive bubble separation technique 
Atmospheric input of particulate matter to the oceans 
Marine and atmospheric "particulate matter" 
II. CONCENTRATION OF PARTICULATE TRACE METALS AND PARTICULATE 
ORGANIC CARBON IN MARINE SURFACE WATERS BY A BUBBLE 
FLOTATION MECHANISM 
Abstract . . 
Introduction 
Methods 
Sample collection and flotation 
Neutron activation analysis 




Trace metal-POC association 
viii 























Bubble surface area 
Bubble size 
POC concentration 
Bubble transport of POC in the open ocean 




. . . 
III. THE INFLUENCE OF ORGANIC MATTER AND ATMOSPHERIC DEPOSITION 
ON THE PARTICULATE TRACE METAL CONCENTRATION OF NORTHWEST 




Sample collection and preparation 
Sample analysis 
Results and Discussion 
PTM concentrations . 
PTM/C and PTM/Al ratios 
Ratio variability 
PTM/Al ratios in surface particulate matter 

























Comparison of predicted and observed PTM/C ratios 
The relationship between Bermuda aerosol PTM and PTM 
in the Sargasso Sea mixed layer 
Similarities between atmospheric and surface water 
PTM composition ..... . 
Vertical flux of PTM in the Sargasso Sea mixed layer 
Atmospheric contribution. of PTM to the mixed layer 
PTM removal from the mixed layer 
POC flux to deep water . . ·. . . 
POC associated transport of PTM to deep water 
The possibility of other biologically mediated 
PTM transport ..... . 






IV. OPEN-OCEAN BUBBLE TRANSPORT OF PARTICULATE TRACE METALS 



































Bubble transport of PTM 
Bubble vs. atmospheric PTM flux ratios 











Filtration and analysis 
Results 



























TR-137, TR-152 ... 
Sargasso Sea stations 
Shelf and slope-water stations 
Bermuda .• 





Discussion . . 
Bubble transport of POC 







VI. CONSIDERATION OF PARTICULATE TRACE METALS IN SEAWATER AS 
































References . ; . 
VII. CONCLUSIONS 
Chemical composition of particulate matter 
Organic carbon and nitrogen 





Atmospheric contributions of PTM to the Sargasso Sea 
mixed layer . . . . . . . . . . . . . 
Appendix 
A. FILTER WASHING, A SIMPLE. MEANS OF REDUCING BLANK VALUES AND 
VARIABILITY IN TRACE METAL ENVIRONMENTAL SAMPLES 
Abstract . . 
Experimental 






















. Results and discussion 











B. ADDITIONAL NARRAGANSETT BAY FLOTATION EXPERIMENT RESULTS 250 












LIST OF TABLES 
Chapter II. CONCENTRATION OF PARTICULATE TRACE METALS 
AND PARTICULATE ORGANIC CARBON IN MARINE SURFACE WATERS 
BY A BUBBLE FLOTATION MECHANISM 
Sampling locations and dates . . . . . . . . . . . . . . 
Low temperature ashing (LTA) vs. wet digestion (WD) 
of Narragansett Bay water particulates 
Comparison of the blank values obtained using the 
low-temperature ashing (LTA) and wet digestion (WD) 
procedure ........... . 
Original fraction concentrations 
Residue fraction concentrations . 
Foam fraction concentrations 
Budget values for trace metals and particulate 
organic carbon ............... . 
. ' .. 
Recovery of trace metals and particulate organic carbon 
Relative enrichments of tra~e metal/carbon ratios of the 
original. (E ) and foam (Ef) fra.ctions referenced· to the 
trace metalJcarbon ratio of the residue fractions ... 





Concentrations used in transport calculations 
Transport of various trace metals to sea surface via 
bubbles and atmosphere .........•..... 
Chapter III. THE INFLUENCE OF ORGANIC MATTER AND 
ATMOSPHERIC DEPOSITION ON THE PARTICULATE TRACE METAL 
CONCENTRATION OF NORTHWEST ATLANTIC SURFACE SEAWATER 
Station locations, R/V TRIDENT cruise TR-152 
2 PTM, POC, and PON in surface waters, New England to 






















Chapter III. ·(continued) 




PTM/Al ratios in surface water particulate matter and in 
sediments . . . . . . . . . . . . . . . . 
7 Predicted and measured PTM/C ratios for Sargasso Sea 













Mean PTM concentrations and respective enrichment factors 
(EF) in Sargasso Sea surface water and in Bermuda air 
Hypothetical T for particulate trace metals in the 
Sargasso Sea m1xed layer assuming atmospheric input as 
major source and no solution of atmospheric PTM. 
Comparison of estimated fluxes 6f trace metals to the 
mixed layer via air deposition with that from the mixed 
layer by POC transport ............ . 
Chapter IV. OPEN-OCEAN BUBBLE TRANSPORT OF PARTICULATE 
TRACE METALS 
TR-137 original concentrations . • . . 
Bermuda flotation experiment results - Al 
Bermuda flotation experiment results - Fe 
Bermuda flotation experiment results - Mn 
Bermuda flotation experiment results - Ni 
Bermuda flotation experiment results Cr . 
Bermuda flotation experiment results - Cu 
Bermuda flotation experiment results - Pb 




























Chapter IV. (continued) 
Bermuda coastal and TR-152 weighted mean PTM recovery~ 
values compared to Narragansett Bay mean PTM recovery 
values .............. . 
TR-152 flotation experiment results - Al 
TR-152 flotation experiment results - Fe 
TR-152 flotation experiment results - Mn 
TR-152 flotation experiment results - Ni 
TR-152 flotation experiment results - Cr 
TR-152 flotation experiment results - Cu 
TR-152 flotation experiment results - Zn 
TR-152 flotation experiment results - Pb 
TR-152 flotation experiment results - Cd 
Bubble transport and atmospheric fluxes of PTM to the 
sea-air interface. . . . . . . . . . . , 
Bubble: atmospheric flux ratios for open-ocean· Sargasso 
Sea surface waters . . . . . . . . . 
Comparison of bubble flux and POC associated PTM flux 
to deep water. . . . . . . . . . . . 
Chapter V. BUBBLE TRANSPORT OF PARTICULATE ORGANIC 
MATTER IN MARINE WATERS 
Dates and location of samples 
2 Mean POC and PON concentrations for samples of different 
3 
4 
marine origin ........ . 
Narragansett Bay flotation experiment results - POC 






























Chapter V. (continued) 
TR-137 flotation experiment results - POC 
TR-137 flotation experiment results - PON 
TR-152 flotation experiment results - POC 
TR-152 flotation experiment results - PON 
Bermuda flotation experiment results - POC 
Bermuda flotation experiment results·- PON 
Mean recovery and budget values observed for samples 
of different marine origin 
Narragansett Bay C:N ratios 
TR-137 and TR-152 C:N ratios 
Bermuda C:N ratios 
15 Mean. C:N ratios observed for samples of different 
~ . 




Enrichment factors of POC observed in micro.layer samples 
and in froth - R/V TRIDENT cruise TR-152 . . . ·. . . 
Bubble transport of POC and time required to produce 
POC EF = 10 in microlayer ............. . 
Chapter VI. CONSIDERATION OF PARTICULATE TRACE METALS 
IN SEAWATER AS A SOURCE OF TRACE METALS IN THE MARINE 
ATMOSPHERE 
Atmospheric carbon and nitrogen 






























Appendix A. FILTER WASHING, A SIMPLE .MEANS OF REDUCING 
BLANK VALUES AND VARIABILITY IN TRACE METAL ENVIRON-
MENTAL SAMPLES 
Metal content of unwashed and acid-washed Whatman 41 
filters . . . . . . . . . . 
Comparison of aerosol Al, Mn, and V concen.trations 
determined using acid-washed and unwashed Whatman 41 
filters . . . . . . . . . . . . . . . 
Comparison of metal contents and uncertainties of 
Nuclepore filter blanks prepared using two different 
procedures . . . . . . . ........ . 
Uncertainties of unwashed and acid-washed 20 x 25 cm 
Whatman 41 filters expressed as percent relative standard 
deviation (RSD) of 100 m3 Bermuda aerosol sample 
Uncertainties of non-acid-washed and acid-washed 47 mm 
0.4 µm Nuclepore filters expressed as percent relative 
standard deviation (RSD) of 10 1 Sargasso Sea surface 
sample .... · ................... . 
Appendix B. ADDITIONAL NARRAGANSETT BAY FLOTATION 
EXPERIMENT RESULTS 
Original fraction concentrations 
Residue fraction concentrations 
Foam fraction concentrations 
Recovery of particulate trace metals and 
particulate organic carbon •••• • • • 
Budget for particulate trace metals and 




















Chapter I. INTRODUCTION 
Schematic diagram of the foam separation column 
(Wallace and Wilson, 1969) .......... . 
Chapter III. THE INFLUENCE OF ORGANIC MATTER AND 
ATMOSPHERIC DEPOSITION ON THE PARTICULATE TRACE 
METAL CONCENTRATION OF NORTHWEST ATLANTIC SURFACE 
SEAWATER 
Station locations, R/V TRIDENT cruise TR-152 ...... . 
Chapter V. BUBBLE TRANSPORT OF PARTICULATE ORGANIC 
MATTER IN MARINE WATERS 
Station locations, R/V TRIDENT cruises TR-137 and 
TR-152 . . . . . . . . . . . . · · · · 
Recovery, budget, and original POC concentrations 
observed in Narragansett Bay surface samples '. 
Short-term variations in recovery and original POC 









In rec·ent years there has been a growing awareness of the 
importance of interfacial phenomena associated with the sea-air 
boundary of the ocean. These phenomena are known to affect chemical, 
biological, and physical processes in the marine environment and are 
discussed in the review articles by Nishizawa (1969), Parker and 
Barsom (1970), Zaytsev (1970), Lafond and Lafond (1972), MacIntyre 
(1974a), Blanchard (1975), Liss (197 Sa, b), and Duce and Hoffman (1976). 
Adsorption and the surface microlayer 
One of the unique properties of the sea-air interface is the 
presence of what is known as the surface microlayer, a layer opera-
tionally defined by MacIntyre (1974a) as the uppermost 3 mm of the 
oceanic water column. In practical terms, however, the term surface 
microlayer often refers to that thickness of the sea-air interface 
which is recovered by the sampling technique being used to collect 
the microlayer. A more complete discussion of this problem is given 
below. A charact~ristic of the microlayer is the presence of dissolved 
and particulate, organic, and inorganic substances in concentrations 
exceeding the concentrations of these substances in the water column 
below the microlayer. The enrichments of these substances in the 
microlayer are due to their affinity for the polar/non-polar environ-
ment provided by the sea-air interface. This affinity is described 
in thermodynamic terms by the Gibbs isotherm (eq. 1). 
1 
ay = (1) 
where: surface tensi9n (dynes -1 y = cm ), 
-1 R = universal gas constant (8.314 dyne cm (g-mole) 
T = absolute temperature (Ko), 
r. surface excess of 
l 
component i at the interface 
(g-mole -2 cm ), 
a. = activity of component i. 
l 
While this equation is of little practical use in describing the 
adsorptive equilibrium of the complex mixture of ill-characterized 
Ko 
surface-active species of unknown activities present in seawater, it 
does illustrate the fundamental principle of adsorption. Molecules 
will adsorb at the interface between bulk phases provided they lower 
-1 
the surface-free energy of that interface. The molecules participating 
in this process are those possessing hydrophilic and hydrophobic 
moieties. Adsorption of this type of molecule from the bulk phase 
results in a decrease in free energy due to the removal of the hydro-
phobic moiety from the bulk water phase and a corresponding increase 
in entropy of the water. Once adsorbed, these molecules may exert a. 
~ubstantial influence on processes occurring at the interface. 
The surface microlayer and bubbles 
One of the areas in which interfacial phenomena are believed to 
be important is that of marine aerosol production. The .production and 
chemical composition of marine aerosols, which are formed primarily 
2 
), 
by the breaking of wave-generated bubbles at the sea surface (Woodcock, 
1953), may be modified to a considerable extent by the adsorption of 
surface-active material at the sea-air interface and/or the inter-
facial skin of.the rising bubble itself (Blanchard, 197.5). For example, 
the ~nergy required to produce and eject jet drops into the atmosphere, 
where they may subsequently become part of the.marine aerosol, is 
derived from the surface free energy of the bubble (Blanchard, 1963). 
Consequently any lowering of this surface free energy can be expected 
to influence the production of jet drops. In addition, MacIntyre 
(1972) has demonstrated that these jet drops carry off with them a 
thin slice cif the bubble interfac~ producing tbem (~ 0.05% of the 
bubble diameter). Material adsorbed at the interface will, therefore, 
not only alter the kinetics of jet drop production but also alter the 
chemical composition of the jet drop as well. 
There are a variety of substances in seawater which are surface 
active and consequently capable of modifying the bubble-breaking 
process. These range from dissolved organic compounds to microscopic 
particles. Evidence of this has been accumulated from the sampfing 
of the sea-surface microlayer using a variety of microlayer samplers, 
such as screens (Garrett, 1965), rotating ceramic drums (Harvey, 
1966), glass plates (Harvey and Burzell, 1972), germanium prisms 
(Baier, 1972), plastic funnels (Morris and Culkin, 1974), and teflon 
d_iscs (Miget et al., 1974). The microlayer thickness sampled by 
the above devices which have been used to calculate enrichment factors 
(eq. 2) is uncertaifr but probably range from 20.to several hundred 
µm (Hatcher and Parker, 1974) although the Bubble Interfacial 
3 
Microlayer Sampler (BIMS) described by Fasching et al. (1974) may be 
capable of sampling microiayer thicknesses of 1 µm or less. However, 
EF = 
C . 1 . micro ayer 
C subsurface 
(2) 
the substances enriched by surface adsorption in the microlayer must, 
by definition, be associated with the air-sea interface. Therefore, 
4 
these substances must accumulate in a much thinner layer at the interface 
than sampled by the above devices, with the possible exception of the 
BIMS. Of course, particulate matter adsorbed at the air-water inter-
face will describe a thicker portion of the microlayer which must 
include the bulk of the particle. Nevert~eless, the majority at the 
techniques above are somewhat inadequate in that they fail to permit a 
quantitative assessment of the concentration of material adsorbed at 
the sea-air interface. Microlayer samples taken by the screen technique 
of Garrett (1965) have been estimated to sample a depth of between 150 
to 300 µm (Garrett, 1965; Hatcher and Parker, 1974). Interpretations 
of the quantitative significance of the concentrations of these samples 
is therefore difficult. For example, attempts to define the concen-
tration of a parameter adsorbed at the sea-air interface but sampled 
as a 100 µm thick surface microlayer would be analogous to an a~tempt 
to define the concentration of a parameter in the oceanic mixed layer 
on the basis of sampling a water columri 1000 km deep. Clearly the 
problems in this approach are formidable. Observations .of the micro-
layer in this manner also give little information on the dynamic 
processes forming or dispersing it. For the reasons discussed above, 
an alternative means of investigating the importance of interfacial 
phenomena at the sea surface was .used. 
The adsorptive bubble separation technique 
The use of an adsorptive bubble separation technique, similar to 
those described by Lemlich (1972), offered an attractive alternat.ive 
to the use of the above methods as a means of acquiring information on 
the nature and concentration of surface activ.e substances in seawater. 
The extensive literature available on the utility of this technique in 
removing particulates of varying composition from a variety of aqueous 
media (Lemlich, 1972) support this conclusion. More specifically, 
Sutcliffe et al. (1963), Carlucci and Williams ( 1965), and Blanchard 
and Syzdek (1972) have observed that bubbling seawater resulted in the 
substantial enrichment of microorganisms present in seawater in the 
foams and jet drops produced during the bubbling process. 
In order to better understand the interfacial phenomena leading 
to the enrichment of particulate matter. in the surface microlayer, 
and, more specifically, the role of bubble transport in this process, 
the bubble transport of particulate matter in seawater was investigated. 
It is realized that dissolved organic material is important in this 
respect as well, and may, in fact, be of even greater importance con-
sidering the potential reservoir of dissolved organics present in 
seawater. However, in order to keep the scope of this thesis manageable 
and in a reasonable time framework, only particulate matter was examined 
here. The results of this study produced a suitable framework for the 
eventual continuation of these studies specifically directed towards 
5 
better defining the influence of the dissolved surfactant content of 
seawater with respect to interfacial marine phenomena. 
Initial attempts in this respect were conducted by Wallace and 
Wilson (1969), who examined the quantitative aspects of an adsorptive 
bubble separation technique when applied to the recovery of dissolved 
surfactant organics from seawater. Wallace et al. (19 72) later extended 
this work to the separation of particulate matter from seawater. The 
apparatus used in these studies, shown in fig.· 1 and discussed in detail 
by Wallace and Wilson (1969), is simple to construct and operate and is 
inexpensive. The flotation procedure is rapid and does not necessarily 
require any pretreatment or extensive handling of the sample. Therefore 
the use of this technique in the work described below, where contamina-
tion was anticipated to be a problem, seemed plausible. Furthermore, 
the estimated bubble population of seawater (Blanchard, 1963) and the 
basic operating parameters of the laboratory foam column, permitted the 
calculation of a crude order-of-magnitude flux of particulate matter to 
the sea surface via bubble transport. This estimate, in combination 
with information on the chemical composition of the particles and 
environmental factors such as biological activity, led to a better 
understanding of the processes leading to formation of the surface 
microlayer. 
Atmospheric input of particulate matter to the oceans 
Aeolian transport of land-derived material introduced into the 
atmosphere by natural and anthropogenic activity has long been recog-
nized as a source of·particulate matter to the world's oceans. However, 
6 
Fig. 1 Schematic diagram of the foam separation column 
(Wallace and Wilson, 1969) 
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assessment of the significance of this transport, particularly with 
respect to delineation of that fraction of the in.put to the world's 
oceans due to anthropogenic sources, remains an active; current problem. 
The results of this work, in conjunction with results of the active 
study of .the long-range aeolian transport of trace metals being persued 
by Duce et al. (1976) was expected to result in at least an order of 
magnitude estimate of the relative importance of bubble transport and 
atmospheric deposition in generating the observed chemical composition 
of the oceanic surface microlayer. 
In order to achieve these goals, surface samples were collected 
.8 
from estuarine, coastal, and open-ocean waters. The flotation procedure. 
was then used to separate the fraction of ·the particulate matter with 
hydrophobic surfaces from those possessing hydrophilic surfaces. The 
particulate matter originally present in the sample, that removed by 
the flotation procedure.and recovered in the froth, and the particulate 
matter in the residue were all analysed for trace metals and organic 
carbon and nitrogen. 
Trace metal analysis of the particulate matter in these samples 
was accomplished using a combination of non-destructive neutron 
activation and flame and flameless atomic absorption spectrophotometri.c 
techniques. Al, Fe, Mn, Ni, V, Cr, Cu, Zn, Pb, and Cd were analysed 
using one or more of these techniques. Organic carbon and·nitrogen 
were determined using commercially available CHN analysers. 
These results were then used to estimate the bubble transport of 
organic matter and .particulate trace metals in the surface layers of 
the sea. The si'gnificance of .bubble transport was then examined with 
respect to its influence on the formation of the surface microlayer, 
physicochemical phenomena such as particle production (or the lack 
of it) and particle aggregation. Atmospheric fluxes of trace metals 
to the Sargasso Sea surface microlayer were compared to bubble. trans-
port fluxes. Finally, overall elemental compositional changes in the 
suspended matter were interpreted to reflect the predominant factors 
affecting the formation of particulate trace metals in seawater, 
Marine and atmospheric "particulate matter" 
In order to avoid unnecessary confusion with respect to the use 
of the words "particle". or "particulate" in t.he papers that follow, 
the two are operationally defined in the following manner. "Particles" 
or "particulate matter," when referred to in seawater, are those 
entities which do not pass through the filters used to isolate them, 
in this work particles with diameters > ~ O. 4 µm. "Particles" or 
llparticulate matter," when referred to in the atmosphere, encompass 
those solid or liquid entities in the micrometer size range collected 
on filters which have been shown to retain particles with diameters 
> ~ 0.2 µm. Thus, while a trace metal in the atmosphere may be referred 
to as being particulate, its form may be either as a solid particle or 
in solution within a droplet in the marine aerosol. The use of the 
word particulate, when applied to an ~leme.nt in the .marine aerosol, does 
not necessarily indicate the physical form of that element in marine 
air. 
9 
CONCENTRATION F PARTICULATE TRACE METALS 
AND PARTICULATE ORGANIC ARBON IN MARINE SURFACE WATERS 
BY A BUBBLE FLOTATION MECHANISM 
ABSTRACT 
The transport of particulate organic carbon (P0C) and particulate 
trace metals (PTM) to the sea surface by rising bubbles in samples of 
surface watet collected in Narragansett Bay was examined using an ad-
sorptive bubble separation technique. Recoveries of P0C ranged from 
30 to 59% while those of the particulate form of the trace metals, Al, 
Mn, Fe, V, Cu, Zn, Ni, Pb, Cr, and Cd were generally greater than 50%. 
The recovery data were used to arrive at a rough order of magnitude 
estimate of the bubble transport of P0C and PTM under open-ocean con-
ditions. While transport rates of the trace metals to the sea surface 
10 
by both bubble transport and atmospheric deposition varied over approxi-
mately 3 orders of magnitude, the ratio.of bubble transport to atmos-
pheric deposition for most metals varied over approximately one order 
of magnitude, perhaps suggesting some degree of coupling between atmos-
pheric PTM and bubble-transported PTM. 
INTRODUCTION 
It has recently been demonstrated that rising bubbles might be 
capable of transporting a substantial portion of the particulate matter 
found in surface samples of natural seawater to the air-sea interface 
(Wallace et al., 1972). These authors suggested that phytoplankton 
in stationary and post-stationary phases of growth might be more 
subject to flotation than cells in the log phase of growth. This is 
in good agreement with -the observations of Harvey (1966), Nesterova 
(1969) and Marumo et al. (1971) who noted that cells found in the 
surface microlayer are generally moribund or dead. The data of Morris 
(1971) suggest that as cells reach the stationary and post-stationary 
stages of growth, their trace metal content reaches a maximum. These 
results in combination with those presented here, suggest that the 
trace-metal laden aged phytoplankton and detrital material may be 
selectively concentrated at the air-sea interface. This phenomenon 
may lead to removal, through aggregation and accelerated sinking of 
more dense, trace-metal enriched particles, or, on the other hand, 
persist~nce of trace metals in the biologically active surface layers. 
Whether either of these processes plays a significant role in governing 
the trace-metal content of the water column or is of ecological 
significance is not clear, especially since little is known of the 
interaction of trace metals with suspended organic matter. 
Particulate trace-metal enrichments in the surface microlayer 
have been observed by Barker and Zeitlin (1972), Duce et al. (1972), 
Pietrowicz et al. (1972) and Hoffman et al. (1974a) and in marine 
foams by Szekielda et al. (1972). Hoffman et al. (1974a) concluded 
11 
that atmospheric deposition of PTM to the sea surface could not, in 
general, produce the observed PTM enrichments in open ocean sur.face 
microlayer samples. Bubble transp9rt, if of sufficient magnitude, 
might be a mechanism whereby such microlayer PTM concentrations could 
be achieved. Furthermore, since wave-induced bubbles generated in 
the surface layers of the world's oceans are generally regarded as the 
primary source of marine aerosol sea-salt particulates (Woodcock, 
1953), and the interfacial material of the bubble skin is thought to 
be the origin of the material in the bubble-ejected particulates 
(MacIntyre, 1972), the phenomena of bubble transport may have signifi-
cant bearing on the composition of marine aerosols as well as that of 
the surface microlayer. 
METHODS 
Sample Collection and Flotation 
Surface samples of seawater were collected over a six-month period 
in the West Passage of Narragansett Bay, Rhode Island, a relatively 
unpolluted estuary. Collection was made using a plastic bucket and 
line from a drifting boat such that contamination from the boat was 
highly improbable. The samples were passed through a 300 µm nylon 
mesh net to remove the larger zooplankton and organic debris and col-
lected in thoroughly cleaned acid-washed polyethylene carboys. The 
collection date and location of the samples are given in table 1. 
Salinities at these stations have been observed to range from 25 to 
31°/oo (Hicks, 1959; Smayda, 1973). 
The flotation procedure has been described elsewhere in detail 




SAMPLING LOCATIONS AND DATES 
NBW Sample Date Location No. 
4 3/28/72 41°29'29"N 71°25'9" w 
6 5/ 1/72 41°29'41"N 71°24'44"W 
7 5/22/72 41°29'4l"N 71 °24 '44"W_ 
8 5/23/72 .41°29 ' 41 "N 71 °24 '44"W 
9 5/25/72 41°29'41"N 71°24'44"W 
10. 5/26/72. 41°29'41"N 71 °24 I 44"W 
11 5/27 /72 41°29 1 4111N 71°24'44"W 
12 7/10/72 41°29'41"N 71 °24 I 44"W 
13 8/7 I 72 41°29'4I"N 71°24'44"W 
14 9/11/72 41 °29 '41 "N 71°24'44"W 
of approximately 1 mm diameter are allowed to rise through the sample 
contained in an all-glass column 70 mm in outside diameter and 2.4 m 
high. Any froth or foam which accumulates at the surface is drawn off 
.and its contents analysed for the substances of interest. Typically, 
30 - 70 ml of collapsed froth were collected from the column which 
contained approximately 7 1 of the original sample. Collection of 
the froth was accomplished within 15 min _of the initiation of bubbling. 
The original sample and the bubble stripped residue were also analysed, 
thus allowing a budget to be calculated for the flotation process. 
All surfaces in contact with the sample throughout the experimental 
workup were thoroughly acid-cleaned by first soaking in chromic acid 
for approximately 30 min at room temperature and then in room tempera-
ture reagent-grade concentrated nitric acid for a similar time period 
followed by thorough rinsing with deionized water. ~lotation of the 
sample was accomplished within two hours of collection. 
14 
Samples for particulate organic carbon (P0C).analysis were col-
lected in duplicate and analysed as described previously (Wallace et al., 
1972). Particulate trace metal (PTM) samples were collected in 
duplicate on 47 mm 0.4 µm Nuclepore filters. These filters were 
shown by Sheldon (1972) to be similar in retention characteristics 
to the 984H Reeve Angel glass-fiber filters used for POC analysis, 
thus permitting comparison between the data obtained using both types 
of filters. Filtration was accomplished by vacuum at 1/3 atm, the 
volume filtered being. dependent on the ambient ·concentration of particu-
late matter in the fraction being filtered. For example, the foam-
product volume filtered was usually about 5 - 10 ml while the residual-
fraction volume was usually 500 ml.· After filtration each filter was 
15 
thoroughly washed with three 1 - 3 ml portions of d.eionized H
2
o, to rid 
the filter of residual sea salt. It was realized that this somewhat 
arbitrary procedure, which radic~lly alters the pH and ionic stre~gth of 
the original environment of the particles, was not optimum. However, 
since exposure to such conditions was brief, it was thought that loss of 
trace metals either through desorption or by rupturing of intact cells 
would be minimal. After being washed and dried at 60°C for 15 min, the 
filters were stored frozen in clean plastic petri dishes until analysed. 
As a check on the cleanliness of the filtration procedure and on 
possible adsorption of trace metals on the Nuclepore filters during 
filtration, the filtrates from all PTM subsamples prepared from NBW 
samples 4 and 6 were filtered through a second filter. Analysis of 
these second filters indicated that the blanks prepared in this manner 
were not significantly different from blanks. prepared by placing the 
filters in the filter holder and carrying them through the washing pro-
cedure alone. All blanks were subsequently prepared by the latter 
procedure. Blanks and sample filters were treated in an identical 
manner.throughout the remainder of the analytical procedure. 
Analysis for the trace metals Al, Mn, Fe, V, Cu, Zn, Ni, Pb, Cr, 
and Cd were accomplished using neutron activation and atomic absorption 
spectrophotometric techniques. 
Neutron Activation Analysis 
All samples were first analysed for Al, Mn, and V by nondestructive 
neutron activation techniques using the Rhode Island Nuclear Science 
Center's 2 MW reactor. Initially, samples were pressed into approxi-
mately 1 cm diameter disks (in an all-nylon die) after carefully folding 
16 
the filters. The pressed sample disks· were then sealed into small 
polyethylene bags. All operations, where pos~ible, were performed in a 
laminar-flow clean bench. Liquid standards spotted on Delbag polystyrene 
filter disks of the same approximate size as the sample were prepared as 
described by Hoffman et al. (1974b). The plastic envelopes containing. 
the sample and standard were heat sealed together and placed in a small 
plastic vial (also heat-sealed) for neutron irradiation. 
Samples were irradiated for exactly five minutes at a thermal neu-
tron flux of 4 x 1012n cm-2 sec-land counted as soon as possible on an 
Ortec 40 cm3 Ge(Li) coaxial detector with a resolution of 2.3 keV for 
60 the 1332 keV gamma ray of Co. Care was taken to duplicate geometry 
between sample and standard as closely as possible. Counting was usually 
done at a distance of 5 - 6 cm from the top of the detector. Counts 
were recorded by a Nuclear Data Model 2200 4096 channel analyser and 
stored on magnetic tape for later computer analysis. 
28
Al, 56~1n, and 
52v concentrations were computed using their respective 1779, 847, and 
1434 keV gamma ray peaks. This procedure was used for all samples 
through NBW 11. Samples from NBW 12 through 14 were not pressed into 
pellets before irradiation but were placed, after folding, into 0.5 dram 
plastic vials and heat sealed. Standards were prepared as before and 
irradiation of samples and standard were as previously described. Fol-
lowing initial counting on the Ge(Li) detector, and allowing passage of 
a suitable time period, second counts•were made using a 3" x 3" NaI(Tl) 
well detector, with a resolution of 106 keV for the 1332 keV gamma ray 
60 of Co, and coupled to a Nuclear Data 512 channel analyser. Using the 
56 847 keV peak of Mn. (usually the only significant peak in the Nal(Tl) 
spectrum of the sample) the original Ge(Li) counts were corrected for 
geometry and dead time using the methods described by Hoffman et al. 
(1974b). 
Atomic Absorption Spectrophotometry 
17 
After allowing the above irradiated samples to decay an appropriate 
period of time, usually 3 - 4 months, they were analysed for the remain-
der of the trace elements (Fe, Cu, Zn, Ni, Pb, Cr, and Cd) by atomic 
absorption spectrophotometry. Since the methods used in this work are 
somewhat new, this section is necessarily somewhat detailed. 
In order to free the trace metals from the organic matrix of the 
filter and organic material of the particulate matter, all samples were 
ashed in a LFE Corporation Model LTA 505 low-temperature asher. The 
low-temperature ashing (LTA) was done in 10 ml teflon beakers which had 
been previously cleaned by acid washing and exposure in the asher at 
-1 
full power and 200 ml min o
2 
for 30 min. The beakers were then rinsed 
with deionized H
2
o before use. The resultant exceptionally clean and 
hydrophobic surfaces generated by this method proved ideal for use in 
this type of procedure; essentially quantitative transfer of solution in 
the beaker being accomplished by merely pouring the solution from the 
beaker, which in turn was immediately available for use with the next 
sample. Samples to be ashed were placed in the beakers in such a way as 
to expose as much of the surface of the filter as possible to the action 
of the excited atomic oxygen. 
The accuracy of the LTA method was evaluated by analysing identical 
sets of filters by the LTA method and a wet-digestion procedure similar 
to that of Hoffman (1971). Eighteen samples of particulate matter were 
prepared for this purpose by filtering 600 ml aliquots of a surface 
sample taken in Narragansett Bay, using 0.4 µm Nuclepore filters. In 
the wet-digestion procedure 5 ml of concentrated Suprapur® HCl were 
added to nine of these samples in 10 ml glass beakers and concentrated 
by slow boiling to approximately 2 ml. This was followed by addition 
of a 5 ml portion of concentrated Suprapur® HN0
3 
to the samples and 
again digestion and concentration to a volume of 1 - 2 ml. Second 5 ml 
portions of HN0
3 
were added and the volume reduced almost to dryness by 
slow boiling. Finally a small amount of concentrated Suprapur® HF 
(0.1 ml) and 5 ml deionized H
2
o were added to the samples near the end 
of the digestion to dissolve and remove by boiling the silica present. 
The final solutions were prepared by adding 2 ml of Suprapur® HN0
3 
and 
diluting the samples to 10 ml after repeatedly rinsing the small amount 
of particulate matter observed in some samples with boiling deionized 
water. 
Low-temperature ashing of the remaining nine filters was accom-
• . -1 
plished at an o2 flow-rate of 150 ml min and a power of 100 Wand 3 h 
18 
which was found to be sufficient to completely ash the samples. After 
ashing, 100 µl of Suprapur® 20 N HF were added to the somewhat brownish 
ash in the beakers, Addition of the HF resulted in immediate dissolution 
of the bulk of the ash, frequently leaving a residue of black material 
similar in appearance to graphite. The material usually appeared as a 
skin on the droplet formed in the beaker. The addition of 1 ml of de-
ionized water to the sample usually resulted in the disappearance of 
this skin with the occasional exception of a few small black specks 
19 
which remained in some of the samples. Samples prepared by both methods 
were then analysed using flameless and flame atomic absorption techniques 
with a Perkin Elmer 303 atomic absorption spectrophotometer and HGA 70 
graphite furnace. Dilution of the samples was, found to be required for 
analysis of some of the metals. Concentrations were determined by com-
parison with standards prepared in the same acid matrix. Blank filters 
were prepared as described earlier and carried through each procedure. 
The results of this intercomparison are given in table 2. A comparison 
of the blanks obtained by each method are given in table 3. 
While the precisions given by the LTA method are somewhat better 
than that of the wet-digestion method for a given trace metal, the more 
evident advantages are the lower blank·to sample ratio and the ability 
to successfully analyse elements such as Ni and Cd by the LTA procedure. 
·rt was also apparent that the values obtained for Pb by the LTA method 
were significantly lower than that for the wet-digestion method. 
In the course of investigating the discrepancy between these methods 
for Pb, the possibility of losing Pb and Cd during low-temperature ashing 
was evaluated. Ten 0.4 µm Nuclepore filters were spiked .with 100 µl 
-1 aliquots of a mixed standard in 0.1 N HN0
3 
which was 1 mg 1 with re-
spect to both Cd and Pb. Five were ashed using 100 Wat 150 ml o2 per 
min, and the remainder at 35 Wand 80 ml o2 per min. Both sets.of 
samples were ashed for 3 h. 
Recovery of Pb at 35 W was 96 ± 7% of the amount added while that 
at 100 W was 91 ± 5%. Similarly, Cd recoveries were 99 ± 17% and 
82 ± 9%, respectively. Both results indicate a small but significant 
loss of the metals at the higher power setting. The possibility that 
20 
TABLE 2 
LOW TEMPERATURE ASHING (LTA) VS. WET DIGESTION (WD) 
OF NARRAGANSETT BAY WATER PARTICULATES 
Metal Concentration (µg 1-1) 
LTA WD 
Cu 0 .. 44 ± 0.02 0.46 ± 0.08 
Fe 166 ± 10 168 ± 8 
Ni 0.18 ± 0.03 0.28 ± 0.21 
Cr 0.62 ± 0.12 0.60 ± 0 .14 
Zn 1.6 ± 0.6 2.8 ± 1.5 
Pb 0.13 ± 0.02 0.48 ± 0 .12 
Cd 0.02 ± 0.01 nd 










COMPARISON OF THE BLANK VALUES OBTAINED USING THE 
LOW-TEMPERATURE ASHING (LTA) AND WET DIGESTION (WD) PROCEDURE 
LTA WD 
wt. (µg) % of total sample wt. (µg) % of total 
0.02 7 0.13 32 
0.20 .0.2 5 5 
0.03 21 0.32 65 
0.02 6 0 .18 33 
0.14 13 1.7 50 
0.004 5 0.23 44 
0.001 8 0.02 100 
21 
sample 
the higher flow rate in the second method could have caused mechanical 
losses due to increased air turbulence was also considered but deemed 
unlikely. The observed losses were not of sufficient magnitude to 
account for the observed discrepancy for the Pb between the LTA and 
wet-digestion methods. 
Samples generated from runs NBW 7, 9, and 11 were ashed at 35 W 
22 
and 80 ml o2 per min to avoid the losses demonstrated above. It was in 
the analysis of these samples that the cause for the low.Pb values given 
by the LTA procedure was discovered. Careful sampling of the top and 
bottom layers of undisturbed sample solutions from these runs revealed 
the presence of a Pb-containing precipitate at the bottom. Fortunately, 
none of the other trace metals analysed in this work were found in the 
precipitate. Calculations using the estimated Pb
2+ and calculated F 
concentrations present in the above samples showed the solubility pro-
duct for PbF2 to be approached or exceeded, thus verifying the above 
observation. In addition, concentrations expected for Mg, Ca, and Sr 
in· such samples would have also exceeded their respective fluoride 
saturation values by an order of magnitude or more, thus increasing the 
chances of precipitating the Pb by possible coprecipitation phenomena . 
.The fact that these metals were not in the mixed standards may account 
for their lack of an observable precipitate. If a precipitate did form 
in the standards it must have been quite fine and, since the standards 
were shaken quite frequently, no anomalous behavior was noted. Due to 
these analytical problems, Pb data for the NBW 7, 9, and 11 fractions 
are not reported here. 
23 
This problem was eliminated in the remaining samples by dissolving 
the ash in 50 µl 20 N Suprapur® HF and 50 µl redistilled 16 N HN0
3
, fol-
lowed by the addition of 1 ml deionized H2o. No precipitates were 
detected in any of the samples prepared in this manner. In addition, 
a further modification of the ashing conditions was necessitated in 
. -1 that the power setting of 35 Wand o2 flow of 80 ml min the lowest 
obtainable with the instrument used, made operation of the instrument 
extremely sensitive to line voltage fluctuations. Consequently, a small 
increase in the power setting to.50 W, an o
2 
flow-rate of 150 ml min-l 
and ashing time of 3 h were used for the ashing of the remainder of the 
samples. The differences between thes.e ashing conditions, those used in 
the method compared with the wet-digestion procedure (100 W and 150 ml 
o2 per min), and those used for samples NBW 7, 9, 11 (35 Wand 80 ml o2 
per min) were not considered large enough to require reevaluation. 
RESULTS 
Concentrations of the individual metals and POC in the'original, 
residue and foam fractions are given in tables 4, 5, and 6. Budget (B) 
and Recovery (R) values, given in tables 7 and 8, were calculated from 
these data using equations 1 and 2: 
B 
cfvf + crvr 
X 100 (1) = 
C V 
0 0 



















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































where: cf = concentration in foam, 
C = concentration in residue, r 
C = concentration ih original, 
0 
vf = volume of foam, 
V = volume of residue, r 
V = volume of original. 
0 
Uncertainties for concentrations in the various fractions are given as 
the standard deviation of the mean of duplicate filters or the analytical 
precision, whichever was larger. Uncertainties in the budget and re-
covery values were calculated using the standard method of propagation 
of errors. 
Budgets 
The large uncertainties associated with the budget values were not 
surprising in view of the extensive processing and possible inhomogeneity 
of the samples and reflect the uncertainties in the analyses of three 
separate sets of subsamples. Eight of the 88 budget values calculated 
for the trace metals were greater than 2cr from 100%. Since there was a 
known loss of part of both foam sample duplicates in NBW 13 during the 
analytical workup, the recovery values for the trace metals in this run 
should be considered low. Only one of the 10 POC budget values (NBW 12) 
failed to be within 2cr of 100%. The budget values for POC and many of 
the PTM in NBW 12 were low and most probably reflect the difficulties in 
handling the concentrated foam product generated in this run. The re-
covery values for POC and PTM in NBW 12 are therefore probably low. No 
other systematic gross contamination or losses were observed although 
there were isolated instances where either of the~e possibilities were 
apparent. 
Recoveries 
Recovery of particulate organic carbon in the foam· ranged from a 
low of 30% in March to a high of 59% in May. Fluctuations in recovery 
were not insignificant. Possible explanations of these fluctuations in 
terms of environmental parameters such as wind induced mixing and 
biological activity have been discussed elsewhere (Wallace and Duce, 
1974). Most of the recovery values, however, fell in the somewhat 
narrow range of 45 to 55%. 
The trace-metal recovery data show that substantial quantities 
of the surface-layer particulate trace metals possess an affinity for 
an air-water interface. The data also show that the recoveries for 
the trace metals were higher, in general, than the corresponding POC 
recovery. 
Trace Metal-POC Association 
Trace metal/carbon ratios were calculated for the three fractions 
generated in each flotation experiment. By comparing the ratios 
observed in the original and foam fractions with those of the residual 
fraction it was possible to examine the relative enrichments of the 
30 
trace metals for each fraction referenced to carbon. The results shown 
in table 9 were calculated using equations 3 and 4, and are the mean and 
range of relative enrichments observed for all runs for each metal: 
"' 
TABLE 9 
. RELATIVE ENRICHMENTS OF TRACE METAL/CARBON RATIOS 
OF THE ORIGINAL (E) AND FOAM (Ef) FRACTIONS REFERENCED 
TO THE TRACE METALfCARBON RATIO OF THE RESIDUE FRACTIONS 
Metal E 0 
Mean Range Mean Range 
Al 1.9 1.1 2.6 2.9 1.3 - 4.8 
Mn 3.7 1. 7 7.4 6.2 3,0 12.0 
Fe 3.3 1.9- 7. 1 5.8 2.6 - 13.6 
V > 3.8 2.2 > 6. 6 7.2 3.0 14.5 
Cu 1.9 1. 2 - 2.6 4.0 1. 7 - 5. 7 
Zn 1.4 0.7 2.6 1. 8 1.0 2.6 
Ni 2.2 0.6 - 8.2 3.0 0.7 10.8 
Pb 3.6 1. 7 - 6.6 5.8 1.9 - 11. 5 
Cr 2.4 1. 2 - 5.7 4.4 2.4 - 8.2 
Cd. 1.7 0.4 - 3.3 2.5 1.0- 5.6 
31 
32. 
E = (M/C) /(M/C) o o r 
(3) 
(4) 
where: E relative enrichmant of indicated fraction, 
M/C = metal/carbon ratio of indicated fraction. 
The foam fraction had higher trace metal/carbon ratios than either the 
original or residual fraction. Apparently the flotation process 
selectively removed particulate matter with a greater trace metal/carbon 
ratio and left behind particles whose metal/carbon ratio was depleted. 
Correlation coefficienti and corresponding levels of significance 
(Bevington, 1969) for the various trace metals with particulate organic 
carbon are given in table 10. While correlation for most of the trace 
metals with particulate organic carbon were high in the foam fraction, 
this was not the case for most of the metals in either the original or 
residue fractions. The particulate trace metals transported by bubbles 
seem to be primarily those associated in some way with surface-active 
particulate organic carbon. 
The exceptions to this general conclusion are Al, Mn, and Cd. 
However, if- one does not include the Al and Mn data for NBW 12, 13, 
and 14 in which a large contribution of flotable mineral matter to 
the suspended matter was indicated, the correlation coefficients for 
the foam product become significant at the< 0.05 and< 0.002 level, 
respectively. The limited and uncertain data for Cd hinder interpre-










































































































































































































































































































































The recovery values reported here allow an estimate of the bubble 
transport of particulate matter to the surface microlayer to be made. 
Such an estimate is, of necessity, subject to considerable uncertainty 
and should be considered speculative. This is due to our limited 
knowledge of some of the parameters associated with the extrapolation 
of laboratory obtained data to a more complex naturally occurring 
process. Nevertheless, as a first approximation, we feel comp~rison 
of the estimated bubble transport of PTM to the surface microlayer 
with that of atmospheric deposition~should provide useful information 
on the relative importance 6f these two sources for particulate trace 
metals found at the air-sea boundary. 
Bubble Transport 
The microflotation technique employed in this work provides an 
extremely rapid concentiation of the flotable particulates in the 
froth, the bulk of which are transported and collected in the first 
minute or so of operation. We shall assume for the purposes of the 
following calculation that essentially all of the material transport 
in the foam column has been accomplished in the first two minutes. 
This probably is an underestimation as the bubbles continually see 
a decreasing concentration of POC during the two-minute period. 
Consequently, the transport rate, were the POC to remain constant, 
would be expected to be substantially higher. Nevertheless, as a 
34 
first approximation, the mean value for the weight of POC recovered 
in the foam for all runs (1.6 X 103 µg C) was used to calculate an 
estimated transport rate per unit area of 4.0 X 103 C m 
-2 -1. µg sec 
for the foam column used in this work. Calculation of an open-ocean 
transport rate based on the observed rate for the laboratory column 
was accomplished by multiplying the laboratory column rate by several 
estimated correction factors. These were determined on the basis of 
expected changes in a.number of parameters believed to influence 
the flotation process. The parameters considered were the bubble 
surface area avaiiable for adsorption of particulates, bubble size, 
and POC concentration. 
Bubble surface area 
Th.e bubble surface area passing through a unit cross sectional 
area of the column per unit time (surface throughput) was calculated 
:....1 
from the measured nitrogen flow rate of 1000 ml min and an estimated 
average bubble diameter of 1 mm. Using the surface area of 1 mm 
diameter bubbles, the surface throughput was calculated to be 
5 2 -2 -1 
3 x 10 cm m. sec in the foam tower. 
A similar calculation was made for open-ocean surface waters 
using Blanchard and Woodcock's (1957) data for bubbles produced by 
a breaking wave. Their data were obtained for breaking waves in a 
surf zone and may not be indicative of a whitecap-produced bubble 
spectrum. Medwin (1970) has measured bubble populations acoustically 
for sea states 1 and 2, but no whitecaps are formed under these 
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conditions. Therefore, in the absence of further data, we have used 
Blanchard and Woodcock's data as at least a first approximation of 
an open-ocean bubble spectrum for the purposes of this calculation. 
Blanchard and Woodcock's (1957) bubble denstties for the 100 µm 
bands centered about bubble diameters of 75, 150, and 250 µm (100, 
3 4, and 0.3 bubbles per cm,· respectively) and .their respective surface 
areas and rise rates were used to calculate the bubble surfac~ area 
rising through a unit cross-section area of ocean per unit time for 
a breaking wave. By adopting Blanchard's (1963) estimate that only 
3.4% of the ocean surface is, on the average, covered by whitecaps, 
and assuming steady-state conditions, a steady-state open-ocean 
2 2 -1 bubble surface area throughput of 3.1 cm m- sec was calculated. 
Bubble siz1: 
Surface area alone, however, is not the only factor controlling 
bubble transport to the air-sea interface. ·rf we assume Blanchard 
and Woodcock's (1957) bub~le spectrum to be homogeneous to a depth 
of 1 min the open ocean, thi residence times of the bubbles in the 
three 100 µm band widths mentioned earlier can be compared to that 
of 1 mm bubbles in the laboratory column. Simple calculation shows 
that the oceanic 75, 150, and 250 µm bubbles have respective residence 
times 15, 5, and 2 times that of 1 mm bubbles rising through the 
2.4 m height of the laboratory column. By assuming the adsorption 
of particulates to vary linearly with residence time (Charm, 1972), 
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I 
2 -2 -1 an effective surface throughput of 34 cm m sec was calculated 
5 2 -2 -1 for the average open-ocean conditions compared to 3 x 10 cm m sec 
observed in the laboratory column. 
In addition to the longer residence times of the smaller bubbles, 
the manner in which they interact with the particles being trans-
ported deserves some attention. Levich (1962) has discussed the size-
dependent nature of particle interactions in a fluid medium. Since 
bubbles< 1 mm in diameter can be treated as solid spheres with respect 
to their motion through water, application of the following theory 
seems justified. For particles in a laminar flow regime, two processes 
appear to control the probability of inter~ctiori. These are inertial 
impaction and interception. Inertial impaction, which is dependent 
on the de~iation of a particle's trajectory from the stream lines 
flowing over the surface of a bubble, is inv·ersely proportional to 
the square of the bubble radius. If, however, the interception effect 
is of primary importance, particle-bubble interactions would be 
expected to. vary linearly with the inverse of the bubble radius~ It 
is difficult to assess the relative importance of these two processes 
in the phenomena of bubble flotation being discussed here. However, 
it seems reasonable to expect at least an order of magnitude increase 
in transport efficiency with a corresponding order of magnitude 
decrease in bubble size from 1 mm to 0.1 mm. Thus the effective 
surface area throughput discussed above would be increased by a 
2 2 -2 -1 
further order of magnitude to 3.4 x 10 cm m sec Consequently, 
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there would be a reduction by a factor of 1.1 x 10- 3 in· effective 
surface throughput between the laboratory column and open ocean. 
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Rubin (1972) has suggested that flotation rates may not necessarily 
be a function of surface area alone but may be more closely related 
to the number of bubbles available for attachment to the particles 
being floated. If we had adopted this concept, the estimated cor-
rection factor calculated above could be approximately three orders 
of magnitude higher .. It.is probable that the actual resultant effect 
on oceanic transport of the decrease ·in bubble number and size rela-
tive to the laboratory column is somewhere between the two extremes. 
However, we shall adopt the lower correction factor of 1.1 x 10- 3 
to keep the resultant calculated transport rate a conservative- esti-
mate. 
Adoption of this factor requires that the surfaces of bubbles 
in both the foam column and open ocean do not reach equilibrium with 
the particulate matter in bulk suspension before reaching the surface. 
If this were not the case, then the transport would be controlled 
only by the rise rate of the respective bubble sizes rather than 
their residence times. 
-1 
Studies with dense cultures (POC = 5 mg 1 ) 
suggested that equilibrium conditions were not likely to be attained 
for the foam column used i~ tpis work (Wallace et al., 1972). Whether 
the longer residence times of the smaller ~ubbles of the open ocean 
allow them to reach equilibrium with the particles in bulk suspension 
is unknown. 
POC concentration 
The average POC of open-ocean near-surface water was assumed to 
-1 
be 30 µg 1 or approximately an order of magnitude lower than the 
average observed for th~ West Passage of Narragansett Bay. Comparison 
of thia concentration to observ~tions made for the surface layers of 
-1 the world's oceans are quite favorable, 30 µg 1 being always below 
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or at the lower range of the reported values (Ostape·nya and Kovalevskaya, 
1965; Bogdanov, 1965; Wangersky and Gordon, 1965; Gordon, 1970; and 
Riley, 1970). The data ~f .DeVivo and Karger (1970) and Grieves (1972) 
indicate that the reduction of efficiency in flotation rates with 
decreasing particulate content is probably less than linear. This 
observation is supported by some preliminary observations using open-
ocean surface samples. However, in the absence of further data, we 
shall assume the reduction in POC by an order of magnitude to result 
in a corresponding order of magnitude decrease in transport efficiency 
between the foam tower and the open ocean. In addition, the decrease 
in the mass of POC available for transport would result in an additional 
order of magnitude drop in POC pubble transport in the open ocean. 
Thus the order of magnitude drop in POC would result in a net decrease 
in transport of POC of two orders of magnitude. 
An assumption inherent in the discussion of the above parameters 
was that the nature of the surface and size of particulate matter be 
similar between the estuarine and oceanic environments. Preliminary 
observation made at. sea on the flotation of particulate matter from 
open-ocean samples indicate that the effect of any such differences 
may be minimal. 
Bubble Transport of POC in the Open Ocean 
The transport rate observed in the foam tower for Narragansett 
Bay samples was multiplied by the appropriate correction factors 
discussed above to arrive .at an estimated open-ocean average trans-
port rate for POC. -2 This rate was calculated to be 4.4 x 10 µg C 
-2 -1 
m sec , approximately five orders of magnitude lower than that 
observed in the foam tower. 
Obviously this estimate represents a simplification of what in 
reality is an extremely complex situation. The bubbles, once intro-
duced into the water column, are subjected to a variety of modifying 
influences. For example, wave action does not result in a steady-
state homogeneous population of bubbles in the ocean, but small 
areas of momentarily high bubble densities. The less dense bubble-
containing water created by the breaking wave will tend to move 
upward due to the hydrostatic pressure on the non-bubble-~onta~ning 
surrounding water and the drag exerted by the upward moving bubbles, 
thus potentially reducing the bubble's residence time below that 
expected based on individual rise rates alone. Assessment of the 
magnitude of this effect is complicated by the obvious influence 
of turbulent mixing created by the breaking wave. Rise rates and 
hence residence times are also, to some extent, a function of the 
adsorption .of particulate and dissolved surfactants at the bubble 
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interface. These, and many other physicochemical processes, can be 
expected to exert an as yet undefined influence on the behavior of 
bubbles beneath the sea surface. Consequently, it must be emphasized 
that this estimate of open-ocean bubble transport of POC must be 
considered only a very rough first approxim~tion of a complex but 
potentially important environmental phenomenon. 
For example, Williams (1967) and Nishizawa (1971) have found the 
concentration of POC in the surface microlayer sampled by the screen 
technique of Garrett (1965) to be approximately an order of magnitude 
greater than subsurface waters 5 - 50 cm in depth. Assuming the micro-
layer thickness sampled by the screen technique of Garrett (1965) to 
be 369 µm (Hatcher and Parker, 1974), the total mass of POC in a micro-
layer covering a square meter.would be 111 µg for an open-ocean sub-
surface concentration of 30 µg 1- 1. Using the calculated open-ocean 
2 -2 -1 bubble transport rate of 4.4 x 10- µg Cm sec , the POC microlayer 
-1 concentration of 30.0 µg 1 above could, in theory, be attained in 
ap~roximately 42 min. 
Bubble Transport of PTM in the Open Ocean 
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Since the above transport was estimated for POC, and the results .of 
the work presented here suggested a correlation between the POC and PTM 
transported by bubbles, it seemed feasible to expand this transport 
estimate to i.nclude open-ocean particulate trace metals. Trace-metal 
concentrations observed in oceanic microplanktoncollected near Hawaii 
and off the coast of Oregon by Martin and Knauer (1973) were used for 
this purpose rather than those observed in this work for Narragansett 
Bay particulates., This decision seemed warranted. in view of the work of 
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Riley and Roth (1971) who have shown the trace-metal content of phyto-
plankton to reflect to some extent the trace-metal concentration in the 
water in which they were grown. While Martin and Knauer's samples, 
collected by plankton nets, represent only the larger particle sizes in 
the water column, we feel use of their trace-nietal contents to be rea-
sonable to a first approximation, since in general~ these particles 
represent the predeces_sors to the generally more abundant detrital POC. 
Indeed, it seems possible that the smaller particles, with their greater 
surface to volume ratio and hence potentially greater adsorptive capacity 
might be more enriched in trace metals. In addition, the data of table 9 
suggest that bubbles may selectively scavenge particulates with a greater 
content of trace metals than observed on the average for particulates 
originally present in the water. 
Bubble transport of inorganic particulate matter may be important 
as well. Certainly the recovery data for Al indicate that a substantial 
portion of the suspended inorganic material present in the surface waters 
of Narragansett Bay can be readily scavenged by bubbles. However, whereas 
suspended organic matter in coastal and estuarine waters can be expected 
to be a relatively small proportion of the total suspended matter, the 
opposite seems to be the case for suspended material collected from 
open-ocean areas (Manheim et al., 1970; Copin-Montegut and Copin-Montegut, 
1972). Thus, we feel that an estimate of the open-ocean bubble transport 
of PTM using trace metal/carbon ratios calculated from the data of Martin 
and Knauer for microplankton may be considered a reasonable and probably 
conservative one. 
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The metal to carbon ratios given in table 11 were calculated with 
the assumption that 25% of the dry weight of the microplankton collected 
by Martin and Knauer (1973) was organic carbon (Strickland, 1965). Since 
insufficient data was available for Cr and none for Vin the samples of 
Martin and Knauer, the respective ratios for these trace metals were 
estimated by reducing their observed Narragansett Bay metal/carbon ratios 
by an order of magnitude. This seemed justified as most of the calcu-
lated metal/carbon ratios were approximately 5 - 10 times lower than 
those observed for particulate matter in the Bay. Exceptions were 
observed for the Al, Fe, and Mn ratios, which were 900, 30, and 200 times 
lower respectively, and the Zn ratio; which approximated that observed 
in the Bay. The higher values observed in the Bay for Al, Fe, and Mn 
probably reflect a greater contribution of suspended minerals to the 
composition of particulate matter in this area. 
As a check of these metal/carbon ratios, the concentrations of the 
respective.trace metals expected in open-ocean surface layers were cal-
-1 culated using these ratios and the 30 µg 1 open-ocean value for P0C 
concentration adopted earlier. With the exception of Zn and .v, the PTM 
concentrations calculated in this manner were lower or approximated 
those observed for particulate matter in bulk open-ocean surface.water 
in the North Atlantic (Duce, 1974). The V concentrations predicted by 
this calculation were generally near the high end of the range observed 
for open-ocean weste~n North Atlantic surface waters and indicate that 
reduction of the V /C ratio by a factor of 10 was not sufficient. This 
discrepancy was probably due to a crustal contribution of V to the sus-
pended matter collect~d in Narragansett Bay. The predicted particulate 
TABLE 11 
CONCENTRATIONS U ED IN TRANSPORT CALCULATIONS 
Metal Concentration in Concentration in 
• Microplankton Atmosphere 
[µg(µgC)-1] [µg m-3] 
Al 3.0 X 10-4 1.0 X 10-1 
Mn !+. 8 X 10-5 8.6 X 10- 4 
Fe 6.0 X 10-3 1.2 X 10-
2 
V 5.8 X 10-5* 3.4 X 10-
4 
Cu 2.0 X 10-4 1.9 X 10-3 
Zn 2,8 X 10- 3 2.4 X 
-3** 10. 
Ni 3.6 X 10-
5 5.2 X 10- 4 
Pb 1.0 x 10- 4 3.0 X 10-3 
Cr 1.3 X 10 
-4* < 1.0 X 10- 3 
10- 6 3,4X -5** Cd 5,2 X 10 
*Estimated values based on Narragansett Bay work. 
All other microplankton values from data of Martin and 
Knauer (1973). 
**Data from Bermuda tower (Hoffman and Duce, un-
published results). All other data for air concentra-




Zn concentration generally exceeded those observed for open-ocean western 
North Atlantic surface waters by almost an order of magnitude. Thus, the 
V and Zn bubble-transport flux calculated below may therefore be too 
high. On the other hand, the predicted particulate Al values are at 
least an order of magnitude below that observed in open-ocean western 
North Atlantic surface waters and therefore the Al bubble-transport flux 
calculated is probably an order of magnitude too low. This would be 
expected for a particulate trace metal whose primary source in open-ocean 
waters may not be biogenic. Particulate Fe/C ratios calculated from the 
data of Cepin-Montegut and Cepin-Montegut (1972) were twice that estimated 
here. On the basis of their observations, they suggested a correlation 
might exist between the occurrence of particulate mineral matter and POC 
in the open ocean, an argument which supports the assumptions made above. 
The metal/carbon ratios in table 11 were used to calculate the hy-
pothetical transport of the respective particulate trace metals to the 
sea surface by rising bubbles. Fluxes of particulate metals to the sea 
-1 .. 
surface from the atmosphere were calculated using a 1 cm sec deposition 
velocity (Junge, 1963) and atmospheric concentrations for marine air 
sampled in Hawaii (Hoffman, 1971; and Hoffman et al., 1972) and Bermuda 
(Duce, 1973). The atmospheric concentrations used in the calculations. 
are presented in table 11 and the magnitude of the upwards and downwar~ 
fluxes to the sea surface are given in table 12, along with the ratio of 
the bubble transport to air transport. 
For all of the metals examined here with the exception of Al, 
bubble transport to the sea surface approximated that of atmospheric 














TRANSPORT OF VARIOUS TRACE METALS TO SEA SURFACE 
VIA BUBBLES .AND ATMOSPHERE 
Transport to Air-Sea Interface Ratio 
By Bubbles From Atmosphere Bubble Transeort 
(µg -2 -1 m sec ) -2 -1 (µg m sec ) 
Air Transport 
1.3 X 10-s 1.0 X 10-3 0.01 
2.1 X 10- 6 8.6 X 10-6 0.2 
2.6 X 10- 4 1.2 X 10-4 2.2 
2.6 X 10-6 3.4 X 10-6 0.8 
8.8 X lQ-6 1.9 X 10-5 0.5 




5.2 X 10-6 0.3 
4.4 X 10-6 3.0 X 10-
5 . 0.2 
5,7 X 10-6 < 1.0 X 10-5 > 0.6 
2,3 X 10- 7 3,4 X 10-7 0.7 
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active characteristics of the bubble-transported material, could lead 
to relatively longer residence times of these particles in the sea-
surface microlayer, thus explaining the observed trace-metal enrichments 
in the microlayer. However, the above values may be substantially in 
error due to the uncertainties inherent in the assumptions made in 
calculating them; and, as we have discussed earlier, the bubble trans-
port may be substantially greater than our estimate indicates. Inter-
pretation of the discussion that follows must necessarily .fall within 
the above limitations. 
Perhaps the most striking feature of the calculated flux ratios is 
that while the individual bubble and atmospheric fluxes of the metals 
vary over three orders of magnitude, their ratios vary over a relatively 
narrow range of approximately one order of magnitude with the possible 
exception of Al. The result suggests that there might be some degree 
of association between the material transported by the bubbles and that 
observed in open-ocean marine air, and if so, that the elemental ratios 
in the bubble-transported material and in the marine aerosol should be 
similar. Comparison of the trace metal to iron ratios in the micro-
plankton samples of Martin and Knauer (1973) agree reasonably well with 
those observed in the atmosphere, with. the notable exception of Pb and 
possibly V. Currently, the trace-metal ratios in an extensive collection 
of sea~surface microlayer and subsurface particulate samples are being 
tabulated and compared to observed ratios in marine aerosols and the 
earth's crust (Hoffman, Wallace, and Duce, in preparation). Preliminary 
indications are that these marine particulate trace-metal ratios are also 
not markedly dissimilar to those observed in the phytoplankton collected 
by Martin and Knauer (1973) and those for atmospheric particulates 
in marine air. The results and calculations presented in this paper, 
Jnd the similarity of the PTM ratios in the phytoplankton and open-
ocean marine aerosols Suggest that perhaps the surface-active 
organically associated PTM may be a potential source of at least some 
trace metals in marine air. This may be potentially important for 
metals such as Cu, Zn, Cd, and possibly Cr, Ni, and Pb whose metal 
to iron ratios differ from th~t of crustal material. Contributions 
of Al, Mn, Fe, and V to the marine aerosol are also possible via 
bubble transport, although assessment of their oceanic input into the 
atmosphere, compared to crustal weathering sources, will be difficult 
as their oceanic particulate ratios referenced to Al may be quite 
Similar to crustal ratios. However, if bubble transport is to be a 
significant mechanism influencing the composition of the open-ocean_ 
marine aerosdl, higher bubble~transport raies and/or longer residence_ 
iimes for trace metals in the marine atmosphere than estimated here 
seem required. 
We have already suggested that bubble transport may be much 
greater than that calculated here. In addition, Sharp (1973) ha~ 
recently suggested that the bulk of the particulate organic matter 
in seawater may be colloidal in nature, a size fraction not examined 
here. Thus a potential reservoir of small particles in greater 
amounts (with respect to both weight and numbers) and a greater 
probability of being ejected into the atmosphere than that considered 
in this work may be available for bubble transport. Wallace and 
48 
49 
Wilson (19.69) have demonstrated the ability of bubbles to transport . 
_macromolecular surfactant species added to seawater. Further experi­
ments of .this type have indicated that similar behaviot can be expected 
with r·espect to the bubble scavenging of naturally occurring �acro­
molecular and colloidal species (molecular w�ight > 10,000) from 
coastal·seawater and those produced by phytoplankton in culture (Wallace 
and Wilson, unpublished results, 1969). Currently the potential role 
of. these forms of organic matter and their associated trace metals 
(Rashid, 1971; and Siegel, 1971) in the bubble-transport process is 
being evaluated for both estuarine and open-ocean environments in our 
·laboratory.
CONCLUSIONS 
Recoveries of the particulate ( � O. 4 µm) forms of Al,. Mn, Fe, V, 
Cu, Zn, Ni, Pb, Cr, ·and Cd found in surface seawater samples collected 
from Narragansett Bay were.determined using an adsorptive bubble 
separation technique and found to be in excess of 50% for each ·metal. 
The partic�es recovered in the· foam fraction ha? substantially higher 
trace metal/carbon ratios than the particulate matter remaining in 
the bubble-stripped residue. In addition, the trace metals and POC 
in the foam fraction could be-correlated, while such correlations were 
not generally found to exist in either the original _or residual 
particulates. A first approximation of bubble transport rates for 
particulate organic carbon and particulate trace metals in the open 
ocean suggests-that bubble transport may exert a substantial' influence 
on the chemical composition of the surface microlayer. Estimated 
open-ocean bubble transport and atmospheric deposition fluxes for the 
trace metals studied here with the possible exception of Al, were 
found to range over three orders of magnitude while the ratios of 
these fluxes for their respective metals varied only over an order 
of magnitude suggestirtg some degree of coupling between oceanic and 
atmospheric particulates. Consideration of colloidal particles and 
high molecular weight substances present in seawater may lead to a 
greater understanding of the role of the bubble-transport process as 
a modifier of the sea-surface microlayer and marine atmosphere. 
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THE INFLUENCE OF ORGANIC MATTER'AND ATMOSPHERIC DEPOSITION 
ON THE PARTICULATE TRACE METAL CONCENTRATION F
NORTHWEST ATLANTIC SURFACE SEAWATER 
ABSTRACT 
Particulate trace metals (PTM), organic carbon (POC), and organic 
nitrogen (PON) were measured in a series of surface bucket samples 
collected between the New England coast of the United States and 
Bermuda. PTM coricentrations were lower or equivalent to the lowest 
PTM concentrations reported in the literature. Examination of the 
relative variations in PTM with respect to particulate aluminum and 
carbon led to the conclusion that organic matter was the probable 
regulator of PTM abundance in open-ocean surface waters and was 
important in this respect for contirtental shelf and slope waters as 
well. 
Enrichment factors of trace metals referenced to their crustal 
abundances were found to be similar in the atmosphere sampled in 
Bermuda and in Sargasso Sea surface water particulate matter. A 
simplistic vertical flux model was constructed which showed atmospheric 
input of trace metals to the Sargasso Sea to be of the same approximate 
magnitude as the rate of removal of PTM from the mixed layer by sinking 
in association with POC. Esserttially all of the particulate Al, Fe, 
and Mn in the Sargasso Sea mixed layer was attributed to aeolian 
sources. The fate of other atmospherically derived trace metals in 
the Sargasso Sea mixed layer was suggested to be a function of their 




The trace metal and organic chemical composition of suspended matter 
in the surface layers of the sea can be expected to reflect the effects 
of a variety of dynamic physical, chemical, and biological processes. Ad-
vective transport of suspended matter from regions of high source strength, 
such as river mouths, are important to the.extent that gravitational set-
tling can be balanced by vertical turbulence. In open-ocean areas remote 
or isolated from such transport, aeolian transport may be an important 
source of inorganic particulate matter (Windom, 1969; Chester, 1972; Duce 
and Hoffman, 1976) capable of modifying the concentration of trace metals 
in the mixed surface layer. Biological forces are at work as well in 
determining the composition of suspended matter, particularly in the 
euphotic zone. Biological production of substrates suitable for adsorp-
tion of a variety of trace metals may lead to transformation of these 
metals from a dissolved to particulate form. Aggregation and/or con-
sumption of the resultant particulate matter could subsequently lead to 
rapid removal from the surface mixed layer by gravitational settling of 
the aggregates (Tsunogai et al., 1974; McCave, 1975) and the deposition 
of rapidly sinking fecal material (Osterberg et al., 1963; Smayda, 1969; 
Fowler and Small, 1972) or zooplankton exoskeletons (Martin, 1970). 
Any attempt to understand the chemical composition of particulate 
matter in the mixed layer must therefore, of necessity, include some in-
formation on the dynamic forces producing the observed chemical composi-
tion. Failure to do so would be analogous to the marine biologist at-
tempting to understand aspects of primary production on the basis of 
measurements of standing crops only. Concurrently, the pbserved chemical 
composition of the suspended matter must be consistent with existing 
knowledge of the phenomena believed responsible for producing it. 
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Collection of a series of surface samples from the northeast coast 
of the United States to Bermuda in May of 1974 for particulate C, N, Al, 
Mn, Fe, Ni, Cr, Cu, Zn, Pb, and Cd analysis and the availability of the 
results of two year's sampling of particulate trace metals in marine 
aerosols collected in Bermuda have allowed an assessment of the impor-
tance of aeolian transport in the supply of particulate trace metals to 
the mixed layer of the Sargasso Sea. The concurrent measurement of par-
ticulate Al, indicative of clay mineral or crustal material, and partic-
ulate organic carbon and nitrogen, indicative of particulate organic 
matter in the mixed layer has made possible a limited interpretation of 
the role of these types of particulate matter in determining the trace 
metal composition of the particulate matter. 
METHODS 
Sample collection and preparation 
In view of the extremely low concentrations anticipated (ng 1- 1), 
particularly in the Sargasso Sea samples, extensive precautions were 
taken in the collection and handling of the seawater samples. Collection 
of volumes of 80 1 or more of surface seawater was accomplished using a 
polyethylene bucket to which a polyethylene rope was attached. The 
bucket had been previously cleaned by scrubbing with an abrasive cleanser 
followed by washing with a commercial laboratory detergent and exhaus-
tive rinsing with deionized n2o. All other surfaces subsequently in con-
tact with the sample were thoroughly acid cleaned before use. Items 
used in sampling were stored up to and immediately after sampling in 
clean polyethylene bags and handled only while wearing pre-rinsed 
(seawater) polyethylene gloves. 
Actual collection of the sample was made at least 100 m from the 
R/V TRIDENT from a rubber "Zodiac" boat which had been previously 
scrubbed to remove potential sources of local contamination. Care was 
taken to avoid collecting water which either the ship or Zodiac had 
passed through previously. Collected seawater was immediately poured 
into a pre-rinsed 20 1 polyethylene carboy through pre-rinsed 316 µm 
(coastal) or 150 µm (open ocean) nitex netting to remove zooplankton 
and other large particles. 
Upon returning to the ship, subsamples for particulate trace metal 
(PTM) analysis were carefully transferred, after vigorous shaking of 
the carboys, to closed system filtration apparatus. This consisted 
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of 4 liter capacity polyethylene aspirator bottles, acting as reservoirs, 
connected to in-line 47 mm glass-filled polypropylene Millipore filter 
holders by means of silicone rubber tubing. Silicone rubber tubing 
was found to be suitable for use in the transfer of seawater samples 
which were very .low in particulate Fe (Betzer and Pilson, 1970). One 
to 10 1 volumes of the samples were measured after passage through 
previously acid-cleaned 0.4 µm Nuclepore filters. A detailed descrip-
tion of the filter-washing procedure. has been presented elsewhere 
(Wallace et al., 1976a). The filters were rin~ed with three 3 ml 
portions of deionized H2o, carefully and quickly removed and placed 
in small previously cleaned polyethylene vials and then frozen. Samples 
were prepared in triplicate or quadruplicate from at least two different 
carboys colletted at each station. Blanks were prepared by carrying 
similarly prepared Nuclepore filters through the same handling and 
rinsing steps as the sample filters. 
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Samples for particulate organic carbon (POC) and organic nitrogen 
(PON) analysis were prepared in triplicate or quadruplicate as described 
by Wallace et al. (1972) except that.the samples were riot dried but 
immediately frozen. In addition, second filters used to correct for 
adsorbed carbon were not prepared as filtered volumes were generally 
large (1 - 8 1) and the ~orrection was expected to be< 10% based on 
observations made elsewhere (Wallace et al., 1972). These observations 
were similar to those reported by ·Gordon and Sutcliffe (1974) using 
silver filters. Blank filters ~ere prepared by carrying filters 
through the same handling and washing procedure as the sampie filters. 
Sample analysis 
The PTM filter samples were analysed by flameless atomic absorption 
analysis after low-temperature ashing and dissolution in, an HF/HNO
3 
acid matrix. A detailed description of this procedure has been pre-
sented elsewhere (Wallace and Duce, 1975). The POC and PON analyses 
were accomplished using a Hewlett Packard 185B CHN analyser as described 
by Wallace et alr (1972), with the exception that integrated p~ak areas 
were used to determine C and N concentrations and acetanilide was used 
to standardize the instrument. 
RESULTS AND DISCUSSION 
Station locations. are given in table 1. and are shown in fig. 1. 
Stations 1 - 3 were in continental shelf waters off the New England 
TABLE 1 
STATION LOCATIONS 
R/V TRIDENT CRUISE TR~152 
Station No. Location 
1 40°52.0'N 70°18.l'W 
2 42°20.S'N 67°13.S'W 
3 41°12.4'N 66°30.7'W 
4 39°S6.6'N 66°18.2'W 
5 36°3S.3'N 66°03.2'W 
7 32°54 .4 'N 66°07.0'W 
8 32°03.0'N 64°54.0'W 
9 32°03.0'N 64°S2.2'W 
10 31°55.S'N 64°S6.2'W 
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coast, station 4 north of the Gulf Stream iri slope water, and the 
remainder in the Sargasso Sea. B6ttom depths at stations 1, 2, and 3 
were 40, 300, and 90 m, respectively. The remaining stations were 
in deep water. Stations 8 - 10 were in the same general location and 
,were occupied on three success•ive days. Concentrations of PTM, POC, 
and PON are given in table 2. Uncertainties have been expressed as 
either the standard deviation of the mean calculated from the values of 
each of the replicat~s or, when greater, the uncertainty of the ana-
lytical procedure which was primarily due to the variability of the 
blanks. The latter was frequently the case for the Sargasso surface 
PTM samples. 
PTM Concentrations 
With the exception of Cd, the highest PTM concentrations were 
observed for station 1 where there was an obviously large mineral 
component present. Higher concentrations of Ni, Cr, Cu, Zn, and Cd 
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were also observed at station 4. The highest POC and PON concentrations 
were also observed at station 4 and were probably due to a phytoplankton 
bloom. PTM, POC, and PON concentrations in the Sargasso Sea stations 
were quite low and relatively constant, except Mn and Pb, which were 
somewhat higher at station 5. This general observation is not incon-
sistent with what would be expected in this area of low productivity 
and isolation from coastal sources of suspended matter. The concen-
_trations observed in these samples were comparable to those of coastal 
and open-ocean sample.s collected between Bermuda ·and Narragansett, 























































































































































































































































































































































































































































































































































































































































































































































these latter samples were, however, large often exceeding? relative 
standard deviation of 1 and consequently were not reported here. 
Comparison of the PTM values given in table 2 with those reported 
elsewhere for suspended trace metals is difficult. Differences in 
time, space, and methodology prohibit definitive comparison. Spencer 
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and Sachs (1970) report values for particulate Al, Mn, Fe, Cu, and Zn 
collected in the Gulf of Maine. Concentrations of these metals reported 
in table 2 for stations 2 and 3, which were in the same general location 
as those occupied by Spencer and Sachs, were generally lower than, but 
in reasonable agreement with, those reported by Spencer and Sachs. 
• Large temporal and spatial differences in metal concentrations should, 
in fact, be expected considering the dynamic biological and physical 
forces exerted on shallow productive waters. 
Particulate Cu, Mn, and Zn have been measured by Slowey and Hood 
(1971) in the Gulf of Mexico. Their particulate Mn values for non-
coastal surface samples resembled the Mn values reported in table 2 
for stations 2 - 4 and were an order of magnitude higher than particu-
late Mn values for Sargasso Sea surface waters reported here. Particu-
late Cu and Zn values of Slowey and Hood reported for non-coastal 
surface samples were 1 - 2 orders of magnitude greater .than those 
found for the Sargasso Sea. Feely et al. (1971) have measured par-
ticulate Al in the Gulf of Mexico. Their values were an order of 
magnitude above those for the Sargasso Sea stations, but were in agree-
ment with the Mn data of Slowey and Hood if suspended clay minerals, 
introduced by the Mississippi, can be considered the principle source of 
these metals in non-coastal surface waters of the Gulf of Mexico. 
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The rather extensive particulate Fe data reported by Betzer and 
Pilson (1970) permit a somewhat broader base for comparison. Great care 
was .exercised in the collection of their samples. to avoid contamination. 
Concentrations of particulate Fe given in table 2 for Sargasso Sea 
surface water (stations 5 ~ 10) were a factor of 4 lower than the mean 
concentrations reported by Betzer and Pilson for surface samples. Sub-
surface particulate Fe concentrations reported by Betzer and Pilson 
were in better agreement with the data in table 2. The use of the 
Zodiac to sample surface wat~r free from local contamination introduced 
by the ship, a possibility considered by Betzer and Pilson (1970), may 
well be the explanation for differences between the two.sets of data. 
However, the use of different types of membrane filters to prepare the 
two sets of samples, the larger volume, and hence greater probability 
_of sampling larger particles.in the samples filtered by Betzer and 
Pilson, and the exclusion of large particles (> 150 µ) in the samples 
prepared here may all have contributed to this difference. 
Wangersky and Gordon (1965) found an average particulate Mn value 
-1 
of 720 ng 1 for a series of surface samples collected between Bermuda 
and the northwest.coast of Africa. This concentration was two orders 
of magnitude greater than that observed in the Sargasso Sea stations 
and an order of magnitude above those observed at stations 2 - 4. 
The data of Chester and Stoner (1972, 1975) were used to calculate 
average particulate concentrations of Mn, Cu, Pb, and Zn in surface 
waters of the North Atlantic, South Atlantic, and Indian Oceans, as well 
as the China Sea. Their concentrations for these metals were comparable 
to the values reported here for stations 2 - 4. Again, comparison of 
the data given in table 2 with that of Chester and Stoner is limited 
because of differences in methodology used to collect the samples ~s 
well as the existence of potentially significant variations in sus-
pended metal content for different oceanic provinces. 
Eaton (1974) found a mean particulate Cd concentration of 
-1 0.3 ng kg for surface and deep water samples in the North Atlantic. 
This value was approximately an order of magnitude greater than those 
for the Sargasso Sea stations but below those observed for stations 
1 - 4. Uncertainties at the Sargasso Sea stations for Cd, however, 
were uncomfortably high and suggest the possibility of contamination. 
True concentrations in Sargasso Sea surface waters may therefore be 
even lower than those given in table 2'. 
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Generally, samples displaying high uncertainties tended to be higher 
in concent.ration than samples with lower uncertainties, i.e. Fe at 
station 10 and Cr at station 7. This suggested that unless low level 
environmental trace metal samples can be determined at levels of uncer-
tainty comparable with accustomed standards for analytical work, the 
probability of contamination was greater. Using this criteria, the data 
for Cd, Ni, and Cr in many of the ~amples, and those for the remaining 
metals for some samples are suspect. It should also be emphasized that 
prgcision is a necessary, but not sufficient, criteria to establish 
accuracy. Determination of the latter parameter is an extremely diffi-
cult if not impossible task for environmental samples where sampling 
variables may be the primary contributer to uncertainty. For these rea-
sons, uncertainties for environmental samples expressed as analytical 
uncertainties based on repetitive analysis of the same sample ~eem 
grossly inadequate as they do not permit assessment of the important 
source of uncertainty attributable to the, collection of the sample 
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itself. Despite the increased effort required to obtain replicate samples 
from the marine environment, especially from subsurface depths, they seem 
mandatory before confidence can be placed in concentrations obtained 
using single samples. 
The organic carbon and nitrogen concentrations reported here for 
the Sargasso Sea are generally near the low end of the range of values 
observed for the northwest Atlantic, which have been reviewed by Riley 
(1970). 
The Al and C data reported in table 2 were used to calculate an 
estimate of the total suspended matter (TSM) in seawater assuming that 
Al represents 10% of the mass of aluminosilicates present (Goldberg and 
Arrehenius, 1958; Spencer and Sachs, 1970) and organic carbon 44% of 
the biogenic particulate matter (estimated from the data of Martin and 
Knauer, 1973). The results of this calculation for each station are 
given in table 3. With the exception of station 1, suspended minerals 
contributed 3% or less of the total suspended matter. This is in excel-
lent agreement with the data and conclusions of Manheim et al. (1970) 
and Meade et al. (1975). They concluded, on the basis of extensive ob-
servations of TSM in surface wate~s in Atlantii coastal and offshore 
waters, that the high suspended loads introduced by rivers into this area 
were restricted to waters within a few kilometers of the coast. 
PTM/C and PTM/ Al Ratios 
Ratio variability 
It is generally recognized that suspended clay minerals and bio-












ESTIMATED INORGANIC AND ORGANIC COMPOSITION 
OF SUSPENDED PARTICULATE MATTER 
Total Total Total 
Mineral Biogenic Suspended 
Matter Matter Matter 
-1 (µg 1 ) -1 (µg 1 ) -1 (µg 1 ) 
100 384 484 
3.4 198 201 
4.3 146 150 
1.1 827 828 
0.9 59 60 
0.9 41 42 
0.8 73 74 
0.8 59 60 















metals in the marine environment (Krauskopf, 1956). If Al concentrations 
are taken as an indicator of the clay minerals in suspension and similarly 
POC or PON as indicators of organic particulate matter, it should be pos-
sible to gain some insight into the control exercised by these types of 
substrates on the trace metal composition of suspended matter in seawater 
by examini'ng the covariance of particulate trace metals with either of 
these two indicators. Trace metals whose concentrations are clearly. 
dominated by one particulate phase over another should show a strong 
correlation with that phase, provided observations are made of a system 
at or near equilibrium. 
PTM/C and PTM/Al ratios for all stations are given in tables 4 and 5. 
Crustal ratios (Taylor, 1964) are given in table 5 for comparitive pur-
p9ses. If variations of a PTM ratio relative to C were large, one would 
not expect organic matter to play an important role in controlling the 
particulate abundance of that metal. Conversely, if the observed ratios 
were not observed to vary, then a more important role would be ascribed 
to organic matter. A similar argument can be made with respect to PTM 
concentrations referenced to that of Al. Variations not correlatable 
with either C or Al would indicate either data of poor quality or an 
over-simplistic view of the factors controlling particulate trace metal 
abundance .. 
. The Al/C maximum ratio for station 1 clearly reflects the presence 
of a large amount of clay mineral at this station while the minimum 
ratio at station 4 can be attributed to "dilution" by the input of C. 
The ratios for the remaining stations were relatively constant despite 
Al and C concentrations differing by roughly a factor of four between 



























































































































































































































































































































































































































































































































































Fe/C ratios followed a trend very. close to that for Al/C. Fe/Al 
ratios were almost invariant and in good agreement with the crustal 
abundances of these metals given by Taylor (1964). The anomalously high 
values for station 10 may reflect the larger uncertainty and consequently 
greater probability of contamination for Fe at this station. 
Mn/C ratio trends followed those for Al and Fe, but not as closely. 
Examination of the Mn/ Al ratios shows a .greate·r variance than that· for 
Fe/Al reaching a maximum for station 4 and then falling to ratios in 
the Sargasso Sea samples close to but distinctly above that observed in 
the crust. It would seem .that neither the mineral or organic matter 
phase alone can completely account for the abundance of particulate Mn, 
although both are apparently important. 
Variation of the Ni/C ratio from station to station was substan-
tially less than those observed for Al, Mn, and Fe and was similar only 
in that the highest was observed at station 1 and among the lowest at 
station 4. Ni/Al ratios, on the other hand, substantially changed from 
station ·1 to station 4, the minimum occurring at station 1 and maximum 
at station 4. Variations in both the Ni/C and Ni/Al ratios for the re-
maining stations were not great except for the station 10 ratios which 
are suspect due to the large uncertainty for Ni at this station. The 
clay mineral phase may, however, be less important with respect to Ni 
than organic matter. 
Cr/C variations produced a somewhat different pattern, the higher 
ratios tending to be found for the Sargasso Sea samples. The high Cr/C 
ratio of station 1 compared to those of stations 2 and 3 were approxi-
mately in proportion· to that observed for Al, Mn, arid Fe as is indicated 
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by the similar Cr/Al ratios for these stations. Dilution of the Cr/C 
ratio at station 4 was not observed and was reflected in the higher Cr/Al 
ratio for this station. Cr/C and Cr/Al ratios were relatively constant 
and an order of magnitude greater in the slope-water station and the 
Sargasso Sea stations than those observed for the shelf-water stations. 
The Cu/C ratio did not vary from station to station in any consis-
tent manner except that the lowest was observed for the slope-water 
station, perhaps due to dilution by the recently introduced carbon at 
this station. The difference between the Cu/Al ratio of stations 1 and 
4, however; was almost two orders of magnitude. Cu/Al ratios observed 
for the remaining stations were not dissimilar, although the coastal 
station ratios were slightly lower" than those of the slope-water and 
Sargasso Sea stations. 
Zn/C ratios.· seemed to be somewhat higher a:t the coastal stations, 
although the overall variation was not as great as that of the Zn/Al 
ratios. The Zn/C ratio did not show as great a dilution at station 4 
as was observed for Cu, while the Zn/Al ratios followed a pattern similar 
to that for Cu. Apparently organic matter was a more important factor 
than clay minerals in contributing to the particulate abundance of both 
the particulate Cu and Zn observed in these samples. 
The Pb/C and Pb/Al ratios followed a pattern similar to those of 
Cu and Zn, except that the variation in the Pb/Al ratios was not as great 
as those observed for Cu and Zn. 
Cd/C ratio variation between stations 1 and 4 was substantially 
less (factor of 3) than that observed for Cd/Al (factor of 500). Cd/C 
ratios for the coast~l and slope-water stations were, in most cases, an 
order of magnitude greater than those observed for the Sargasso Sea. 
This difference may, in part, be due to an ability of log phase cells 
to take up Cd (Knauer and Martin, 1973; Motohashi and Tsuchida, 1974) 
and therefore explain the observation of higher Cd/C ratios in the 
generally more productive shelf and slope-water stations. 
These observations may be summarized as follows. Al, Fe, and to 
a lesser extent, Mn seem to be highly correlated with one another. 
Correlation coefficients calculated for Fe/Al and Mn/Al, excluding the 
data of station 1, were 0.992 and 0.852, respectively. The importance 
of either a clay mineral or organic phase for Ni .and Cr was not defini-
tively established QY these data, although organic matter seemed to be 
more important for Ni than clay minerals. Cu, Zn, Pb, and Cd seem to 
show a higher degree of association with organic matter rather than 
clay minerals, although this is largely based on observations made at 
stations 1 and 4. 
The suggestion was made earlier that attempts to show the 
covariance of the trace metals with either of the indicators Al and C 
should be dependent on observing systems close to equilibrium. The Al 
in station 1, in all probability present as aluminosilicate material, 
should have been well equilibrated with the metals in the water column 
as its introduction at this location, either from resuspension of 
sediments or by advective transport, require that it would have been 
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in the marine environment for some time. On the other hand, the organic 
matter being introduced at station 4 was probably quite recent in origin. 
Flotation experiments at this station indicated that much of the POC may 
have been in the form of lo~-phase phytoplankton cells (Wallace et al., 
1972; Wallace and Duce, 1976a; Richard Epply, 1976, personal communica-
tion). It therefore was quite probable that this system was not in 
equilibrium with respect to trace metal-organic matter interactions and 
the dilution effect observed in the PTM/C ratios for some trace metals 
at this station was more a function of the recent.origin of the organic 
particulate matter rather than a lack of affinity of the trace metals 
for this phase. Martin and Knauer (1973) and Knauer and Martin (1973) 
have also noted similar ·apparent dilution effects by the input of 
freshly produced carbon in phytoplankton samples, an observation which 
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is consistent with this argument. If this interpretation proves correct, 
older or dead organic matter (detritus) should be relatively enriched in 
trace metals compared with the trace metal concentration of actively 
growing phytoplankton. The data of Morris (1971) and Wallace and Duce 
(1975) support but do ~ot definitively prov~ this hypothesis. An 
exception to this generalization may be Cd for the reasons discussed 
above. 
PTM/Al ratios in surface particulate matter and sediments 
The observations above rely heavily on data obtained at stations 1 
and 4. Another approach in assessing the contribution of the alumina-
silicate phase to the PTM content of surface waters is comparison of the 
PTM/Al ratios observed in marine sediments with that observed for surface 
water particulate matter. Returning to the assumption that the measured 
particulate Al concentrations in table 2 are a measure ofaluminosilicates 
in surface waters and if the same assumption is valid for sedimentary 
materials, comparison of PTM/Al ratios in the surface water particulate 
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matter to that of sediments can be made. The results of this comparison 
are shown in table 6. Mean PTM/Al ratios were calculated from the 
data in table 5 excluding stations 1 and 4 unless otherwise noted. 
PTM/Al ratios for the sediments were calculated from mean trace metal 
concentrations in North Atlantic sediments observed by Wedepohl (1960) 
for trace metals other than Cd and Aston et al. (1972) for Cd. From 
the data in table 6 it is apparent that the Mn/Al and Fe/Al ratios of 
surface particulate material is quite similar to that observed in sedi-
ments. The higher than 1 ratio for Fe is due in part to the station 10 
Fe value which, due to the large uncertainty, is suspect. If this value 
were not used in the calculation of the mean Fe/Al ratio, the surface 
water to sediment ratio of ratios for Fe would have been 1.16. Ni and 
Cr seem to be enriched relative to Al in the surface particulate matter 
when compared to sedimentary ratios for these elements, but to a lesser 
extent than Cu, Zn, Pb, and Cd which show surface water particulate 
PTM/Al ratios substantially higher than those observed for sediments. 
It seems reasonable to assume that the trace metal concentrations of 
aluminosilicate dominated pelagic clays reflect adsorptive equilibrium 
of the surfaces of the clay mineral phase with either trace metal 
enriched pore water (Brooks et al., 1968), or the ambient dissolved 
trace metal concentrations in seawater overlying them. These latter 
concentrations for some trace metals (Cu, Ni, Cd) have been found to 
be greater than or equivalent to surface water dissolved trace metal 
concentrations (Bender and Gagner, 1976; Sclater et al., 1976). Since 
adsorptive equilibrium may be reached quite rapidly (O'Conner and 
































































































































































































































seawater is much slower · (Siever and Woodford, 1973), the assumption ·of.
adsorptive equilibrium seems justifi�d. It therefore seems very un'iikely 
that clay minerals are an important controller of PTM abundance in open­
ocean. surface waters or, to some ext_ent, in coastal surface waters 
either. The results in table 6 indicate that only 30%· o� the particulate 
Ni ·and Cr may be associated with clay minerals, while 90%,or more of the 
Cu, Zn, P b, and Cd were apparently associated.with particulate organic . . 
matter. This con�lusion, based largely on observations at stations 
other _than 1 arid 4, is consistent with the conclusions based on the 
observed variations in 'the PTM/C •arid PTM/Al ratios primarily, but not 
exclusively, between stations 1 and 4 discussed earlier. ·The observation 
of linear relationships for particulate Cu and Zn with particulate N in 
the Bristol Channel made by Abdullah and Royle (1974) lend further 
support to this conclusion. 
Also consistent with these observations is the almost complete 
control of Fe and Mn by aluminosilicates. There does not appear t-o be 
any substantial concentration of -hydrous-oxide phases of F·e > O. 4 µm 
in diameter other than that which might. exist at the surface of the 
aluminosilicate particles, a conclusion in.agreement ·with.that of Spencer 
and Sachs (1970) for Gulf_ bf Maine waters. The majority of the· particu­
late Mn can be accounted for in .this way as well. Whether the "excess" 
Mn can be attributed to particulate organic association or ·a free or 
aluminosilicate associated hydrous-oxide phase cannot be conclusively. 
determined for this data. 
Comparison of predicted and observed PTM/C ratios 
A comparison of PTM/C ratios calculated from the PTM content of 
microplankton given by Martin and Knauer (1973) with that observed in 
table 4 should show agreement if organic matter was an important source 
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of PTM. PTM/C ratios were estimated from the PTM data of Martin and 
Knauer (1973) assuming a phytoplankton C content of 44% dry weight rather 
than the 25% C content used by Wallace and Duce (1975), which was prob-
ably too low based on the results obtained here. Table 7 compares the 
predicted PTM/C ratios with those observed in this work expressed as a 
mean of the PTM/C ratios for stations 5-,- 10. Order of magnitude agree-
ment between predicted and observed ratios was generally observed with 
the exception of Al and Zn. 
The data of table 4 suggested that aluminosilicate material and 
POC in Sargasso Sea surface waters enjoyed some form of association, 
probably in the form of incorporation into aggregates. Early observa-
tions by Riley et al. (1965) and Wangersky and Gordon (1965) provide 
evidence for the probable association of mineral phases with particulate 
organic matter. The association of the majority of the mineral phase Fe 
present in seawater with organic aggregates was observed by Akiyama 
(1971). Particulate Fe association with particulate organic matter was 
also suggested as being potentially important by Gopin-Montegut and 
Gopin-Montegut (1972). johnson (1974) found that nearly all of the clay 
and silt-size particles at the sediment-water interface in coastal areas 
to be incorporated into organic aggregates. Thus, there is a consider-
able amount of evidence supporting this observation. 
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TABLE 7 
PREDICTED AND MEASURED PTM/C RATIOS FOR SARGASSO SEA 
SURFACE WATER PARTICULATE MATTER 
-1 
(]Jg g ) 
Metal Predicted Observed 
Al 170 3,400 ± 1,000 
Mn 30 70 ± 40 
Fe 3,400 2,500 ± 800 
Ni 20 < 20 
Cr 70 120 ± 60 
Cu 110 90 ± 30 
Zn 1,600 100 ± 40 
Pb 60 60 ± 20 
Cd 3 2 ± 1 
84 
The large size of the particles collected with a 76 µm mesh plankton 
net and analysed by Martin and Knauer (1973) may account for the dis-
crepancies between the values for· the Al/C and Zn/C ratios in table 7. 
These discrepancies may also be due to differences in sample composition 
due to some as yet unknown environmental parameter or possibly contamina-
tion. 
For metals other than Al and Zn, agreement between estimated and 
observed PTM/C values was quite good, although the agreement for Mn and 
Fe may be fortuitous for the reasons discussed previously. This agree-
ment further supports the conclusion that organic matter was of greater 
importance in controlling the particulate abundances of these metals. 
It is also of interest that despite the obvious differenc~s in the size 
of the particles collected by Martin and Knauer and those analysed in 
this work, similarities in PTM/C ratios existed. 
The Relationship between Bermuda Aerosol PTM and PTM 
in the Sargasso Sea Mixed Layer 
In the course of estimating the ability of bubbles in seawater to 
transport particulate trace metals to the sea surface, Wallace and Duce 
(i975) suggested that the PTM in the surface waters of the Sargasso Sea 
might in some way be coupled to the PTM content of marine aerosols 
measured in Bermuda. This was based on the comparison of predicted 
Sargasso Sea PTM concentrations discussed above with some early results 
for the trace metal concentration of marine aerosols collected in Hawaii 
and Bermuda. A more extensive set of marine aerosol PTM data based on 
samples collected ovet a two-year period in Bermuda, coupled with the 
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data .for the PTM in the surface mixed layer of the Sargasso Sea in table 
2, have allowed testing of this hypothesis. 
Similarities between atmospheric and surface water PTM composition 
The relatively low and constant PTM concentration observed for the 
surface waters of the Sargasso Sea. argued against any substantive ad-
vective transport of PTM into these waters. The possibility that aeolian 
transport was therefore a significant source of PTM to this area of the 
northwest Atlantic was explored. Mean concentrations of the PTM for 
Sargasso Sea surface waters were calculated from the data in table 2, 
stations 5 - 10. The highMn value for station 5 was excluded in the 
calculation of the mean for that metal. The Ni mean included the lower 
limit values in the calculation of the.mean and consequently represents 
an upper limit in c.oncentration. These mean concentrations are presented 
in table 8. 
Values for• the trace metal concentrations in marine aerosols mea- • 
sured in Bermuda were calculated as means of the geometric means re-
ported by Duce et al. (1976a) for the years 1973 and 1974. In order to 
compare the similarity in trace metal composition between the atmospheric 
and aqueous environments, concentrations in both were normalized to Al. 
Furthermore, the normalized ratios for the Sargasso Sea surface PTM have 
been compared to crustal ratios to illustrate the similarity in enrich-
ments of .the so-called· anomalously enriched elements in the marine 
aerosols collected in Bermuda. Geometric mean enrichment factors for 
PTM in the Sargasso Sea samples and Bermuda air were calculated from en-
















































































































































































































































































































































(PTM/Al)seawater or air 
(PTM/Al) crust 
(1) 
factors for PTM in Bermuda air were expressed as the mean of geometric 
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mean enrichment factors observed in 1973 and 1974 reported by Duce et al. 
(1976a). Geometric means were used to represent atmospheric PTM concen-
trations and enrichments as both these parameters vary over orders of 
magnitude. The results of these calculations are summarized in table 8. 
There was a marked similarity between the enrichment factors of the 
Sargasso Sea surface PTM and atmospheric PTM. While concentrations of 
PTM in both the atmosphere and seawater ranged over three orders of 
magnitude, the ratios of enrichment factors for PTM in both environments 
were within an order of magnitude of ohe another. This observation was 
in good agreement with that of Wallace and Duce (1975) discussed earlier. 
This result encouraged .the undertaking of a further effort t6 de-
termine whether this relationship was causal or fortuitous in nature and 
stimulated an attempt to examine the dynamic relationship between the 
atmospheric PTM arid aqueous PTM. 
Vertical Flux of PTM in the Sargasso Sea Mixed Layer 
In this admittedly simplistic model the following basic assumptions 
were made. Horizontal advection was not an important source for PTM in 
the Sargasso Sea mixed layer for reasons discussed earlier. Furthermore, 
removal of particles from the mixed layer by vertical eddy diffusion was 
negligible compared to sedimentation processes (Riley, 1970; Tsunogai 
et al., 1974; McCave, 1975). Near-surface concentrations of the elements 
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discussed were assumed to be representative of a mixed layer 200 m deep. 
Changes in the PTM/C ratios with time caused by primary production were 
short-lived with respect to the residence time (T) calculated for these 
metals in the mixed layer. Similarly, changes in the marine aerosol con-
centration of these PTM also occurred on a time scale short with respect 
to the T calculated for the respective PTM. The residence time of the 
mixed layer, estimated to be 20 yr by Montgomery (1958), was assumed to 
be long compared with the T of the suspended trace metals in the mixed 
layer and steady state conditions existed. It was assumed initially 
that the atmospheric PTM did not dissolve upon,entering the sea and was 
the only source of PTM in the mixed layer. After construction of the 
model, these assumptions, some of which were o·bviously questionable, were 
tested. 
Atmospheric contribution of PTM to the mixed layer 
Atmospheric deposition of PTM was considered a function of the at-
mospheric PTM concentrations and deposition velocities incorporating 
both wet and dry processes.· Concentration_s of atmospheric PTM used in 
the following calculations were those given as means in table 8. Varia-
tions in these concentrations occurred over extremely short time inter-
vals, ranging from minutes to a week or so at most. These concentration 
changes observed in Bermuda have been related to. differences in the 
origins of the particular air masses being sampled at a given point in 
time (Duce et al., 1976a) and are based on samples obtained from April 
to October. During this time the prevailing winds are from the southeast 
and southwest quadrants. Winds from the northwest and northeast are 
dominant the remainder of the year. Consequently, the PTM values for 
Bermuda air may be a conservative estimate of the annual mean concen-
tration of atmospheric PTM for the area included in this model. This 
assumes, of course, that the source of the PTM in the air during the 
winter months is derived from North American continental weathering 
and anthropogenic sources. The conservative nature of this estimate 
may not be the case, however, if washout, which may be a more important 
factor during the winter months (Macky, 1957), proves to be a dominant 
factor in controlling the deposition rate of atmospheric PTM. 
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Ultimately, the input of atmospherically-born PTM is controlled by 
its deposition velocity. The sea salt production data of Blanchard (1963) 
• -1 
was used to calculate a total deposition velocity equal to~ 1 cm sec 
which could be used to describe the combined dry deposition and washout 
of sea salt from the atmosphere. The .assumption of this deposition 
velocity for components other than sea salt in a marine aerosol may not 
be valid .. Such an assumption inherently implies, for example, that'the 
size distribution of PTM in the marine aerosol is similar to that of sea 
salt. However, the preliminary findings of Duce et al. (1976b) indicated 
that atmospheric PTM sampled at Bermuda which have high enrichment 
factors, referenced.to crustal PTM/Al ratios, may have a skewed size 
distribution. The major mass of Cu, Zn, Pb, and Cd were found on par-
ticles smaller than 1 µm. Sehmel and Sutter (1974) established that the 
dry deposition velocity of atmospheric particles onto a water surface was 
a function of the size of the particles. Consideration of the atmos-
pheric flux of 1 µm particles in the atmosphere, based on the size 
dependent dry deposition velocities of Shemel and Sutter, result .in an 
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almost two orders of magnitude lower value than that based on a total 
-1 deposition velocity of 1 cm sec 
Rainout .and perhaps washout may play dominant roles, therefore, in 
the transport of these small-particle PTM to the sea. The contribution 
of these processes to the total deposition velocity is not known. 
However, they are probably substantial enough to raise the total deposi-
tion velocity to within an order of magnitude of 1 cm sec- 1. For example, 
a total deposition velocity of 0.1 cm sec-l would result in an atmos-
pheric residence time of Pb of approximately two weeks based on a Bermuda 
aerosol Pb content of 3.4 ng m-3 During that time it would have rained 
5 - 7 times (Macky, 195 7) in the Bermuda area. Bruland et al. (19 74) 
assumed total removal by washout to occur in the determination of atmos-
pheric fluxes for a variety of trace metals. Duce et al. (1976a) calcu-
lated atmospheric fluxes of Pb calling for total deposition velocities 
-1 
ranging from O. 6 to 1. 1 cm sec based on three different models for the 
removal of.trace metals from the marine atmosphere. They point out, 
however, the large uncertainties in these models, especially with respect 
to the deposition velocity of small-particle trace metals. These authors 
also calculated dry deposition velocities from the data of Cambray et al. 
(1975) who measured the deposition velocity of a number of trace metals 
in the vicinity of the North Sea. Dry deposition velbcities were calcu-
lated to be 0.3 
-1 
and 0.6 
-1 for Pb and Zn, respectively. cm sec cm sec 
Total deposition velocities (wet plus dry deposition) were calculated 
from the data of Cambray al. (1975) be 0.7 and 2.8 -1 et to cm sec 
respectively, for these two metals. If the above estimates approximate 
reality, it would seem that the total deposition velocity for the small-
-1 particle PTH is quite likely between 0.1 and 1 cm sec in non~arid 
regions. 
-1 As a first approximation, a~ arbitrary value of 0.3 cm sec was 
chosen for the deposition velocity of metals found primarily on the 
small particles ;i.n Bermuda air. by Duce et al. (1976b). These metals 
were Cu, Zn, Pb, and Cd. The remaining trace metals, whose size dis-
tribution more closely resembled that of sea salt were assigned deposi-
tion velocities of 1 cm se~-l The assignment of these deposition ve-
locities are.tentative and must await further description of this 
important parameter before the accuracy of any of the previously dis-
cussed models can be tested. Adoption of these deposition velocities 
permitted calculation of a flux of atmospheric trace metals to the 
Sargasso Sea surface waters. Furthermore, the assumption of a mixed 
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layer depth of 200 m whose PTM concentrations were those given in table 8 
and that the atmosphere was the primary source of PTM in these waters 
allowed calculation of a hypothetical mixed layer residence time for the 
individual PTM. The results of these calculations are given in table 9. 
It is quite evident that, provided the original assumptions are correct, 
the residence time of PTM of atmospheric origin.in surface waters must 
be relatively short compared to the residence time of the rate in the 
mixed layer. 
Another mechanism capable of explaining the apparently short mixed 
layer residence time for atmospherically deposited PTM was considered. 
Reinjection of atmospherically deposited PTM into the atmosphere may 
occur if PTM transported to the surface on bubbles (Wallace and Duce, 
1975, 1976b) or present in the surface microlayer (Duce et al., 1972; 
TABLE 9 
HYPOTHETICAL T FOR PARTICULATE TRACE METALS IN THE 
SARGASSO SEA MIXED LAYER ASSUMING ATMOSPHERIC 

























Barker and Zeitlin, 1972; Pietrowicz et al., 1972) can be injected into 
the atmosphere by the bubble breaking process (Blanchard, 1963; MacIntyre, 
1974). The short mixed-layer T calculated fat the PTM in table 9 would, 
therefore, be an underestimate.- However, the magnitude of this reinjec-
tion process for PTM, discussed in detail elsewhere (Wallace et al., 
1976b), is probably negligible compared to the fluxes calculated here~ 
PTM removal from the mixed layer 
It has been recognized for some time now that there must exist some 
means for the rapid removal of recently added trace metals to seawater 
(Osterberg et al., 1963). Work in this area has been almost exclusively 
restricted to radionuclides. The short mixed layer residence time 
calculated for Al, based on the atmos~heric fl~x calculated above and 
the assumption of steady state conditions, suggested that this rapid 
removal may exist for other elements having particulate forms in sea-
water as well. 
Various attempts have been made to describe the mechanisms for 
rapid removal of trace metals from the surface mixed layer. Some of the 
more recent have been those of Tsunogai et al. (1974), McCave (1975), 
and Cherry et al. (1975). Both Tsunogai et ai. and McCave emphasize 
the sinking of large particles as the means of rapid transport of par-
ticulate matter and associated trace metals out of the mixed layer. 
Tsunogai et al. visualized the formation of rapidly sinking large aggre-
_gates in surface seawater, which then disintegrated in deep water to 
form smaller particles which fell more slowly. McCave's approach was 
somewhat similar in that large particles we.re found to be the principle 
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source of m.ass transport to depth based on flux calculations for various 
sizes and densities of particles. The model was·sensitive to the varia-
tion of density with particle size and assumed the composition of the 
particles to be 60% mineral and 40% organic. The results of this work 
and those of Manheim et al. (1970) and Riley (1970) suggest this pro-
portion may be in error and the resultant particle dertsity used.in 
McCave's model was probably too high for surface water particulate matter. 
Consequently, the fluxes of POC and aluminosilicates estimated by McCave 
may be an overestimate for open-ocean surface waters. The work of Cherry 
et al. (1975) represents the most recent effort to determine the role of 
fecal pellet production in the removal of radionuclides from surface 
waters. Significantly, all of these models involve transpor:t via large 
particles, either as aggregates or fecal pellets, to ~epth. The m~jority 
of atmospherically transported PTM enter the ocean, however, as particles 
< 4 µmin diameter (Chester, 1972). Removal of these particles from the 
mixed layer by these processes therefore require incorporation into and 
aggregation of particulate matter to sizes which can be incorporated into 
fecal pellets or obtain significant settling velocities, although some 
zooplankton may be capable of utilizing particles as small as 1 µm 
(Marshall, 1973; Kryuchkova, 1974). Bubble transport may be another 
mechanism capable of quickly generating PTM-containing larger particles 
(Wallace and Duce, 1976b). 
POC flux to deep water 
The data discussed earlier supported the concept of either physical 
or chemical PTM association with organic matter. Moreover, the models 
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discussed above and the biologically mediated flux models of PTM to 
depth of Kuenzler (1965), Lowman et al. (1971), and Small et al. (1973) 
all invoke mechanisms for the rapid input of organic matter (carbon) into 
deep waters. The approach to this calculation presented here differs 
from these previous efforts in that it only required knowledge of the 
rate of supply of POC to deep waters and was independent of the mechan-
ism of its transfer. 
There are a variety of estimates for the amount of oxidizable C 
reaching deep water. Skopintsev (1972) calculated an average world wide 
-2 -1 · 
flux of 6 g Cm yr equal to 5% of the average global surface phyto-
plankton production. Menzel' s (1974) estimate was similar in magnitude 
-2 -2 (4 g C m yr ) but was only 1 - 2% of the surface production for the 
area described. Since the latter estimate included only enough carbon 
.to satisfy respiratory requirements of org~nisms present in the deep 
water column, it may be considered a lower estimate for the purposes of 
this calculation. For this reason, the average value of Skopintsev ( 1972) 
of a deep water P0C contribution of 5% of surface production was used in 
calculating the PTM fluxes to deep water. Menzel and Rhyther (1960) ob-
-2 -1 served a mean annual net surface production of 73 gm yr for the 
Sargasso Sea at a station near Bermuda. This value was used to calcu-
-2 -1 late an annual flux of 3.6 g Cm yr from the mixed layer of the 
Sargasso Sea. 
Li et al. (1969) have determined the excess co2 in Atlantic deep 
water due to oxidation of organic carbon to be 19 x 10- 5 moles 1-
1
. By 
assuming the residence time of this deep water to be 1600 yr (Broeker, 
1974) and its average depth to be 3800 m, an oxidizable carbon flux of 
96 
5~4 g m-2 yr-l to deep Atlantic witer can be calculated. The flux of 
-2 -1 
3.6 gm yr· calculated for the Sargasso Sea above is, therefore, in 
reasonable agreement with that based on the data of Li et al. (1969). 
POC associated transport of PTM to deep water 
PTM fluxes were calculated using the mean PTM/C values observed 
for stations 5 - 10 for each metal. The assumption was made that the 
trace metal and organic composition of the particles reaching depths be-
low the permanent thermocline are similar to that observed for particu-
late matter in the mixed layer. Since 89% of the mass flux was observed 
-1 
to occur foi particles sinking with velocities of 36 to 105 m day by 
McCave (1975) (remembering that this estimate may be too high) and the 
• 1 
sinking rates of fecal pellets are on the order of 100 m day- (Smayda, 
1971; Fowler and Small, 1972), this assumption does not seem to. be en-
tirely unsupported. The clay mineral PTM were included in this calcu-
lation since, as was noted above, the association between mineral and 
organic matter in aggregates has been well established. The observation 
of the relatively constant Al/C ratios observed at all stations, except 
at 1 and 4, in this work also supported this concept. 
The results of the calculated P0C associated PTM fluxes out of the 
mixed layer for each metal are given in table 10. Atmospheric fluxes to 
the sea surface, used to calculate hypothetical mixed-layer T values in 
table 9, and the ratio between these two fluxes are also given for com-
parative purposes. The magnitudes of the independently derived fluxes 
were remarkably similar considering the uncertainties inherent in the 
calculation of each. These flux calculations indicated that, whatever 
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the PTM flux out of the mixed layer via POC was similar to that coming 
in via atmospheric deposition. 
These PTM/C ratios used in this calculation may, however, be an 
underestimate of PTM/C ratios of particles being transported to depth. 
Froth generated during flotation studies using surface water collected 
at these same stations were found to contain particles whose PTM/C 
ratios were greater than the PTM/C ratios of particles which could not 
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be concentrated by this process. Since macroscopic particles were formed 
in the froth, this observation may be· of substantial significance and 
is discussed elsewhere (Wallace and Duce, 1976b). Further evidence 
that the PTM/C ratios used here may be too low is offered by Small et al. 
(19 73). Zn concentrations in fecal pellets measured by these authors 
-1 
were used to calculate a Zn/C ratio of~ 1000 µg g C, approximately 
an order of magnitude greater than that used in these calculations. 
Consequently, if fecal pellets or large aggregates formed by the pro-
cess described above are important conveners of PTM to depth, the PTM/C 
ratios used in the calculations abo~e may result in an underestimate of 
the actual flux. 
Another assumption made in the calculation of the POC associated 
PTM flux, which may be questionable, was that the time scale of PTM/C 
variations be small compared to the residence times of the individual 
PTM .. However, Menzel and Ryther (1960) report significant variations 
in production to occur during th~ year irt Sargasso Sea waters near 
Bermuda. The majority of the annual production was observed to occur 
during the winter months (December - April). Consequently, the varia-
tions in the supply of new C and hence in FTM/C may be comparable to the 
shorter residence times calculated for the PTM and this assumption may 
therefore be invalid. Additional information is needed on the varia-
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tion of PTM/C ratios as a function of production. The possibility 
exists, however, that removal of PTM by association with POC may display 
seasonal variations particularly if zooplankton fecal pellet production 
is the primary mode of transpoit. Nevertheless, this factor alone does 
not substantially alter the possibility of rapid removal of insoluble 
PTM introduced to the mixed layer by atmospheric deposition. 
The possibility of other biologically mediated PTM transport 
PTM fluxes out of the mixed layer by association with biogenic 
matter may also be greater than that estimated by this model if there 
are other means of rapidly transporting PTM to depth from the mixed 
layer. Forams and pteropods may possibly be important in this respect, 
providing foram-associated PTM concentrations are high enough to be 
significant. Their large size and low abundance would have resulted 
in their exclusion from the samples analysed for PTM and reported in 
table 2. Therefore, an estimat.e of their potential role as PTM trans-
port agents of PTM to deep water was necessary. 
-1 
Krinsley and Bieri (1959) found Cu concentrations of 15 µg g in 
pteropod shells of organisms collected in plankton tows. Assuming this 
value to be representative of calcium carbonate tests in general, the 
flux of Cu to deep water, calculated by assuming Caco
3 
flux to deep 
2 1 2 -1 
water of 2.0 mg Caco
3 
cm- yr- (Li et al., 1969) was 30 ng Cu cm- yr 
which was similar to that of the POC-Cu flux in table 10. 
, ____________ ...,.a:.,;.; _______________ ..:.. ______________ ~----------"-• 
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Turekian et al. (1973) have also determined the concentrations of 
a number-of trace metals in pteropod tests isolated from plankton tows. 
Concentrations of Cr in tests of two species of pterop.ods collected 
-1 from the South Atlantic were found to be 0.7 µg g for one species and 
-1 
0.2 µg g for the other. Using 0.5 as an upper limit average of the 
two and repeating the calculation of 
-2 for Cu, a Caco
3
-cr flux of 1 ng cm 
a caco
3 
associated flux made above 
-1 
yr was calculated. This was 3% 
of the Cr-POC flux calculated in table 10. A similar calculation 
using the 0.055 µg g-l Cd content of catbonate debris from cores 
reported by Aston et al. (1972) resulted in a Cd flux< 20% of the 
PQC-Cd flux. It is apparent that the !'TM flux via calcium carbonate 
tests may be significant for some metals. 
The fate of atmospherically introduced PTM in seawater 
The similarity of the fluxes, in table 10, and the similarly 
"enriched" PTM concentrations observed in both the marine and atmos-
_pheric environment, may be largely coincidental if atmospherically 
introduced particulate trace metals dissolve upon entering seawater. 
On the other hand, if they do not dissolve, and other biogenic sources 
of PTM.are negligible, the PTM-concentration of the mixed layer may 
well reflect that of the atmosphere. The consequences of adopting 
either of these two alternatives was examined. 
There is little data on the solubiliti for PTM of atmospheric 
origin in seawater. Walsh and Duce (1976) have found the majority of 
atmospherically transported anthropogenic V to be soluble in.seawater. 
Brine and Szekielda '(1975) have found dust particles from arid areas 
to release an unknown proportion of their Mn content upon contact with 
seawater. The data in tables 6 and 8 suggested, however, that the 
aluminosilicate associated metals Al, Fe, and most, if not all, of 
the Mn observed in these samples were essentially insoluble in agree-
ment with the observations of Siever and Woodford (1973) for Al. 
If appreciable amounts of atmospherically-derived particulate 
Ni, Cr, Cu, Zn, Pb, and Cd dissolved in seawater, their mixed-layer T 
values must be readjusted to include the total amount of metal present 
in the mixed layer and the concept of the particulate mixed-layer T 
given in table 9 must be abandoned. However, residence times similar 
to those calculated here have been determined for atmospherically 
deposited Pu (Noshkin and Gatrousis, 1974), and ZlOPb (Nozaki and 
Tsunogai, 1973). Turekian et al. (1974) calculated a 
210
Pb residence 
time approximately an order of magnitude greater than that of Nozaki 
210 • 210 . 
and Tsunogai. (1973), but this estimate was based on Po/ Pb ratios 
observed in zooplankton. Better agreement with the data of Nozaki 
· 210 210 · 
and Tsunogai (1973) would have resulted had they used the Po/ Pb 
ratio of phytoplankton determined by Shannon et al. (1970) in their 
calculations. The latter authors estimated residence times of 5 yr 
and 0.6 yr, respectively, for 210 Pb and 210 Po in surface waters. 
Either these radionuclides were introduced in a form insoluble in 
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seawater or the total concentrations of these metals must be very low. 
It is clear that an area of much needed research is the determination 
of the degree of solution of atmospherically deposited PTM in seawater. 
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Until such data is forthcoming, only the mixed-layer T values for 
Al, Mn, and Fe, in table 9, will be considered realistic. Those for the 
remaining metals can be realistic only if they can be regarded as• 
insoluble or with solution times longer than the mixed-layer T, either 
due to their chemical speciation in the atmospheric particles or perhaps 
due to the formation of a protective adsorbed organic coating as sug-
gested by Chave (1965) and the observations of Loeb and Neihof (1975). 
However, part of the source for these PTM in the mixed layer must be 
adsorption by the organic matter from the dissolved trace metals in the 
mixed layer as has been demonstrated by Krauskopf (1956), Riley and 
Roth (1971) and others for marine organisms in seawater. Since Ni; Cr, 
Cu, Zn, Pb, and Cd are known to participate in these processes,. the sole 
source of these PTM in the mixed layer is unlikely to be the atmosphere. 
Furthermore, consideration of the observed PTM/C and PTM/Al ratio~ dis-
cussed previously suggested organic matter played an important role in 
governing PTM concentrations in marine surface waters. The similarity 
between phytoplankton PTM/C ratios observed in natural phytoplankton 
population (Martin and Knauer, 1973) and in laboratory phytoplankton 
cultures (Riley and Roth, 1971) strengthens this argument. It is 
therefore unlikely that the atmosphere can be considered the dominant 
source of PTM other than Al, Fe, and Mn in the Sargasso Sea mixed 
layer, suggesting that atmospheric PTM may be soluble to some extent in 
seawater. ·The data in table 10 are not inconsistent with this hypothesis. 
The similarity in enrichment factors between the atmospheric and marine 
environments may therefore reflect similar chemical behavi·or in both 
environments and not any causal relationship between the two. 
It is unlikely that the atmospherically deposited material, at 
least in the Sargasso Sea area, will result in a scavenging of trace 
metals from seawater as suggested by Chester (1972) and Eaton (1974) 
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since PTM/Al ratios for Ni, Cu, Zn, Pb, and Cd in the bulk atmosphere 
samples exceeded that of sediments and the arguments presented earlier 
suggested that particulate organic matter and not aluminosilicate 
material is the controlling factor for Sargasso Sea surface PTM. Indeed, 
rather than acting as a sink for soluble trace metals in seawater, 
atmospherically deposited particulate matter probably represents a 
significant source of dissolved and/or particulate trace metals in the 
mixed layer of the Sargasso Sea. 
CONCLUSIONS 
Compositional changes observed in the suspended matter collected 
from New England coastal and Sargasso Sea surface waters were thought 
to reflect the dominant role of the particulate organic matter in 
controlling particulate Cu, Zn, Pb, Cd, and, to a lesser extent, Ni 
and Cr concentrations in marine surface waters. This was 'largely due 
to the low concentrations of aluminosilicates observed in open-ocean 
and coastal surface waters. Al and Fe were present in all samples in 
direct proportion to their crustal abundances suggesting a free hydrous 
oxide phase of Fe_:_ 0.4 µm ih these waters was not the dominant form 
of this metal. Mn was slightly enriched with respect to its crustal 
abundance but not with respect to its abundance in sediments. 
Enrichment factors relative to crustal abundances fo·r the so-called 
anomalously enriched PTM in marine surface waters and the marine 
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atmosphere were s.imilar. Construction and interpretation of a simplistic 
vertical model suggested that this similarity may be fortuitous. Atmos-
pheric fluxes of PTM to the Sargasso Sea mixed layer were similar to, 
but perhaps higher than removal of PTM by association with sinking 
particulate organic material. The probability of in situ generation 
of PTM-POC associations from dissolved forms of Ni, Cr, Cu, Zn, Pb, and 
Cd present in the Sargasso Sea mixed layer suggested that these atmos-
pherically introduced PTM may not represent a significant direct source 
of particulate forms of these metals in the mixed layer. This was not 
the case for particulate Al, Fe, and Mn, however, whose concentrations 
in the mixed layer were considered largely .a function of atmospheric 
deposition. Atmospheric contributions of particulate matter to the 
Sargasso Sea mixed layer represented a source of Ni, Cr, Cu, Zn, Pb, 
and Cd, and not a sink, as has been suggested, for these trace metals 
in the mixed layer. The magnitude of this source is uncertain but may 
be a significant one for these metals in open-ocean surface waters .. 
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ABSTRACT 
The results of a series of ship-board and shore-based flotation 
experiments using open-ocean surface-water samples indicated that a sub-
stantial fraction of particulate trace metals (PTM) in these waters 
could be adsorbed and transported by bubbles to the sea-air interface. 
Bubble-transport rates of PTM to the sea-air interface were estimated 
for Sargasso Sea surface waters. This flux was compared to atmospheric 
fluxes of PTM to the sea surface using marine aerosol concentrations of 
PTM observed in Bermuda. The bubble transport flux and atmospheric flux 
to the sea-air. interface were of the same order of magnitude indicating 
that both of these sources of PTM to the surface microlayer may be of 
importance. Large particles were observed to form quite readily in the 
froth: The bubble-transport flux of PTM to the sea-air interface was 
in remarkable agreement with an independently estimated flux of PTM to 
deep waters in association with sinking organic matter. Bubble-induced 
aggregation of particulate matter was therefore considered to be of 
potential importance in the accelerated removal of small-particle-
associated PTM from the mixed layer. 
INTRODUCTION 
The recent reviews of MacIntyre (1974) an·d Blanchard (1975) 
emphasized the importance of interfacial phenomena in the marine en-
vironment and in particular that occurring at the sea-air interface 
of bubbles. The importance of the interfacial area of bubbles lies 
not only in the substantial increase in surface area per unit area of 
sea surface which results from their injection into subsurface-waters 
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by the action of breaking waves, but also in the fact that the bubble 
interface represents a significant pool of potential energy (MacIntyre, 
1972). Upon reaching the surface of the sea, this energy is released 
with the subsequent production of jet and film drops which may enter the 
atmosphere. These droplets may be enriched in surface-active organic 
material (Blanchard, 1963, 1968; Barger and Garrett, 1970; Hoffman and 
Duce, 1976) derived from either the surface microlayer (MacIntyre, 1968) 
or organici material adsorbed onto the surface of bubbles during their 
rise through a column of seawater (Blanchard, 1975). The efficiency 
of bubbles in removing dissolved and particulate surface-active sub-
stances from aqueous systems, including seawater, has been well estab~ 
lished (Sebba; 1962; Lemlich, 1972). Separation procedures employing 
this principle have been designated adsorptive bubble separation. 
techniques (Lemlich, 19 72) . Applications of this technique to the 
• study of trace substances in the marine environment have been relatively 
few (Sebba, 1962; Wqllace and Wilson, 1969; Kim and Zeitlin, 1971; 
Wallace et al., 1972; Wallace and Duce, 1975, 1976a) despite the ob-
. . . 
vious advantages and_simplicity of this technique. 
Recently Wallace and Duce (1975) have used this technique to 
estimate the rate of bubble transport of particulate organic matter 
and particulate trace metals to the sea surface under open-ocean con-
ditions. However, this necessitated extrapolation of the results of 
laboratory flotation studies in which seawater collected from an 
estuarine environment was used. Consequently, a series of flotation 
experiments have been conducted using surface waters of coastal and 
open-ocean origin in order that the estimated bubble-transport rate 
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of particulate matter could be further refined and some of the original 




Sea-surface samples were collected by bucket on R/V TRIDENT 
cruises TR-137 and TR-152 between Bermuda and Narragansett, Rhode Island, 
and from an area approximately 10 km south of Bermuda. Sampling loca-
tions and procedures were as described in Wallace and Duce (1976a). 
Samples were collected in shelf and slope waters south of New England 
and in Bermuda coastal and open-ocean regions of the Sargasso Sea. 
Flotation 
The basic flotation procedure used in this series of experiments 
was as described by Wallace et al. (1972). The flotation procedure 
used for samples collected on cruise TR-137 (May, 1973) and in Bermuda 
(July, 1973) was ide'ntical to that described by Wallace and Duce (1975), 
,_. 
The procedure used on cruise TR-152 was slightly modified. Silicone 
tubing was substituted for the less flexible and hence more difficult 
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to manipulate polyethylene tubing used in the liquid-feed system which 
supplied the flotation column and also served as connecting tubing 
between filtration reservoirs and in-line filter holders. In addition, 
the flotation column was prerinsed with sample water immediately before 
the flotation procedure was initiated. The total volume of sample 
subjected to the flotation procedure was considerably larger during 
cruise TR-152 compared to that used during cruise· ·TR-137 and in Bermuda. 
Close to,100 1 were cycled through the flotation column within 3 h of 
collection at the Sargasso Sea TR-152 stations. Flotation time was 
also reduced below that used in the flotation experiments prior to those 
of TR-152. This was accomplished by filling the column with the N2 gas 
feed on and collecting the froth generated during filling as soon as 
the column was filled. The column was then immediately drained to a 
point at which the froth-bulk water interface was approximately 10 cm 
above the glass frit. The column was then refilled with fresh sample 
and_ this cycle repeated until flotation of a large-volume sample was 
accomplished. A constant N
2
-flow rate of 1 1 min-l was maintained 
throughout the course of each experiment. The resulting mean-exposure 
time of the sample to the stripping action of the rising bubbles in the 
column was about 2 min. 
Filter preparation and analysis 
Particulate trace metals were collected by filtration onto 47 mm 
diameter 0.4 µm Nuclepore filters. The Nuclepore filters used during 
cruise TR-137 and in Bermuda were rinsed with deionized water before 
use, while those used during cruise TR-152 were acid washed. Details 
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of the filter-washing procedures have been discussed by Wallace et al. 
(1976). Duplicate filters were prepared during cruise TR~l37 and in 
Bermuda from the original sample, the bubble stripped residue, and 
collapsed froth. Triplicate, or in most cases, quadruplicate filters 
were prepared from these fractions during cruise TR-152. Volumes fil-
tered in the preparation of the original and residue fraction samples 
during TR-152 ranged from 1 - 12 1 depending on the suspended load of 
the sample. Original and residue volumes filtered during cruise TR-137 
ranged from 1 - 3 1 and in Bermud~, 3 - 10 1. In order to check the 
reproducibility in recovery of the flotation experiments using the 
shorter flotation times during cruise TR-152, filters prepared from 
t~e residue fraction at stations 4 - 10 were prepared from four 
individual carboys containing the residue collected at different times 
during the flotation experiments at these stations. 
Analysis of the filters for Al, Fe, Mn, Ni, Cr, Cu, Zn~ Pb, and 
Cd was accomplished using the low-temperature ashing and flameless-
atomic absorption spectrophotometric technique described by Wallace 
and Duce (1975). 
Filters for POC and PON analysis were also prepared from each 
sample. Their preparation and analysis have been described in detail 




The particulate trace metal concentrations of the samples collected 
during cruise TR-137 could not be determined with an acceptable degree 
of precision. The precision and therefore the probable quality· of the· 
data given in table 1 was higher for Al, Fe, and particularly Mn, but 
concentrations were not detectable above blank in most. cases for the 
remainder of the metals. Where they were detectable, uncertainties 
were generally quite high and the concentrations therefore suspect. The 
. cause of these poor data was believed to be a function of the small 
volumes filtered, lack of a sufficient number of replicates, the high 
blank variability for Ni, Zn, and Pb, and contamination. Further inter-
pretation of these results did not see~ warranted with the exception 
that the data, as poor as it was, indicated that the concentrations 
of these metals were much lower than those anticipated at the time the 
collections were made. 
Bermuda 
The precision of the data for the original concentrations was 
improved over that of TR-137 (tables 2 - 9). Precision for Ni, Cr, Pb, 
_and Cd were, however, still generally poor although there were occasional 
exceptions to this observation. The poor precision of the Zn data made 
interpretation of the data impossible. The data for Al, Fe, and Cu were 



































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































With very few exceptions, the residual concentrations were lower 
for every run for every metal, Generally, the decrease in concentration· 
was substantial. The particulate trace metal (PTM) concentrations of 
the froths wer~ often 1 - 3 orders of magnitude more _concentrated than 
those of the original samples, The resulting budgetary calculations 
(eq. 1), however, indicated that the samples had probably been contami-
B 
cfvf + crvr 
100 (1) = X 
C V 
0 0 
where: cf concentration in foam, 
C = concentration in residue, r 
C = concentration in original, 
0 
vf = volume of foam, 
V = volume of residue, r 
V = volume of original 
0 
nated during the flotation process (tables 2 - 9). Apparently, the 
form of the contaminating PTM could be easily removed by the flotation 
process as indicated by the substantially lower residue concentrations 
which.were often observed even where budget values were substantially 
in excess of 100%. There were,.of course, exceptions to this obser-
vation in which the residue concentration was greater than or similar 
to that of the original sample. 
Since budgetary considerations made a meaningful interpretation of 
recovery, described by eq. 2, impossible, an alternate means of calculating 
(2) 
recovery was used. Designated R~, the recovery was calculated by 
assuming the difference between concentrations in the original and 
residue to have been recovered in the froth and was calculated using 
eq. 3. 




Since contamination during flotation was a possible modifier of 
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(3) 
the residue concentration and this source of error obviously was not a 
factor affecting the concentration of the original sample, the R~ values 
were considered to represent a minimum -estimate of the recovery of PTM 
in the froth from these samples. The data and calculated parameters for 
each metal and their. suitably-propagated uncertainties are given in 
tables 2 - 9. The weighted-mean value of R~ for each metal was calcu-
lated for each metal using R~ values which had a relative standard 
deviation (RSD) less than 1. These calculations are summarized in 
table 10. The uncertainties were expressed as the estimated error of 
the weighted mean (Bevington, 1969). No Zn values were reported,as the. 
data for Zn failed to meet the criteria of having a RSD < 1 except in 
one instance. Recalling that the R~ values represent minimum recovery 
values, it was apparent that a substantial amount of the PTM present 
could be transported by bubbles, an observation similar to that made by 
\ 
Wallace and Duce (1975) for Narragansett Bay waters. The mean 
Narragansett Bay recovery values observed for each metal by Wallace 
and Duce (1975; unpublished results, 1975) are also given for comparative 
purposes in table 10. 
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TABLE 10 
BERMUDA COASTAL AND TR-152 WEIGHTED MEAN PTM RECOVERY/ 
VALUES COMPARED TO NARRAGANSETT BAY 
MEAN PTM RECOVERY VALUES 
Metal Bermuda TR-152 Narragansett 
Bay 
R/ R/ R 
Al 84 ± 4 69 ± 5 67 ± 19 
Fe 83 ± 4 73 ± 5 76 ± 22 
Mn 58 ± 3 64 ± 4 78 ± 17 
Ni 72 ± 10 66 ± 7 80 ± 24 
Cr 63 ± 10 61 ± 21 75 ± 25 
Cu 63 ± 7 so ± 5 90 ± 22 
Zn 60 ± 20 
Pb 58 ± 22 59 ± 4 76 ± 20 
Cd 61 ± 15 34 ± 8 64 ± 36 
i33 
TR-152 
Data from the TR-152 samples were generally of a higher quality 
than that of the Bermuda samples and probably reflect the modifications 
made to the procedures used in handling the samples, which were dis:-
cussed earlier. A detailed discussion of the original sample PTM 
concentrations has been presented elsewhere (Wallace and Duce, 1976b). 
The residue concentrations were, for most metals and most samples, 
substantially lower than those in the original, an observation con-
sistent with that made for the Bermuda samples. Calculation of the 
budget values revealed, however, that despite the.greater precautions 
taken, contamination of the samples during the flotation procedure 
probably occurred. Consequently, the TR-152 data were treated in the 
same manner as that for the Bermuda samples. The data are summarized 
in tables 11 - 19 and the mean TR-152 R~ values for each metal are 
given in table 10. 
The mean minimum recovery (R~) values for the Bermuda and TR-152 
samples were generally in good agreement with the recovery (R) values 
observed in Narragansett Bay and with each other. Unless this agree-
ment was entirely fortuitous, it was apparent that a substantial 
fraction of the PTM in Bermuda coastal and open-ocean surface waters 
could be transported by bubbles. In addition, the PTM fraction 
recovered was generally larger than that observed for POC in these 
samples (Wallace and Duce, 1976a), .an observation also noted in the 























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Bubble transport of PTM 
In an earlier paper, Wallace and Duce (1975) estimated the open-
ocean bubble transport of PTM to the sea-air interface. This estimate 
was based on assumed PTM and POC concentrations in open-ocean surface 
waters and on the assumption that the fraction of the PTM which could 
be recovered in the froth was similar to that observed in Narragansett 
Bay. The latter assumption was correct in view of the results in 
table 10. In order to make a direct comparison with the predicted 
bubble transport of PTM of Wallace and Duce (1975), the bubble transport 
of PTM in the Bermuda and Sargasso Sea stations of TR-152 were calcu-
lated in the following manner. 
(1) The mean weight of PTM recovered from one column 
volume (7 1) of sample (PTM) was calcuiated for each 
w 
metal using eq. 4. 
n=i 
L R ... X C 
n=l 0 
PTM = X 7 w 
n 
(2) The mean PTM transport (PTMtc) observed in the 
column per uni.t cross sectional area was calculated 
using.eq. 5. 
PTM = PTM tc w 
where: 2 A= cross sectional area of column (33 cm), 




-3 A correction term (1.1 x 10 ) was then applied 
to account for the difference in bubble surface area 
throughput per unit area surface observed in the foam. 
column and that estimated for average open-ocean con-
ditions (Wallace and Duce, 1975) (eq. 6). 
PTM = PTM x 1.1 x 10- 3 
to tc 
where: PTMto = open-ocean bubble transport rate 
of PTM .• 
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(6) 
The results of these calculations are given in table. 20 for the Bermuda 
and TR-152 Sargasso Sea stations. The Zn flux was estimated for the 
Sargasso Sea stations based on the mean concentrations observed at those 
stations and an.assumed recovery of 60%. The downward fluxes of PTM 
from the atmosphere to the sea-air interface calculated by Wallace and 
Duce (1976b) from the Bermuda atmospheric PTM data of Duce et al. (1976) 
are also given in table 20. Thus, both the calculated upward bubble 
transport flux and downward atmospheric flux of PTM to the sea-air 
interface were based on seawater and atmospheric data obtained from 
the same general location. 
Bubble vs. atmospheric PTM flux ratios 
The ratio between the newly estimated upward bubble-PTM fluxes to 
the sea-air interface for Sargasso Sea open-ocean stations were compared 
to that of the newly estimated downward atmospheric flux to the sea-air 
interface for each metal arid reported as their respective rati.os in 
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BUBBLE:ATMOSPHERIC FLUX RATIOS FOR OPEN-OCEAN 
SARGASSO SEA SURFACE WATERS 
Metal Bubble Bubble Atmosphere Atmosphere 
(this work) (Wallace and Duce, 1975) 
I 
Al 0.8 0.01 
Fe 0.9 2.2 
Mn 1.3 0.2. 
Ni < 16 0.3 
Cr 3.7 > 0 .6 
Cu 4.4 0.5 
Zn <6* 5 
Pb 1.2 0.2 
Cd 0.9 0.7 
*Estimated 
atmospheric flux of PTM to the open-ocean sea-air interface of Wallace 
and Duce (1975) is also given in table 21 for comparative purposes. 
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The bubble to atmospheric flux ratios for each metal, based on the 
results of the flotation experiments using actual open-ocean samples, 
varied over a narrower range than the range observed for the earlier 
estimate and were somewhat higher, except for Fe. While the atmos-
pheric and bubble-flux rates for the different metals ranged over three 
orders of magnitude, .the bubble to atmosphere flux ratio was found to 
vary from metal to metal by approximately a factor of 6, if the anoma-
lous ratio for Ni {s excluded. 
The improvement in the agreement between the relative flux rates 
for Al, Fe, and Mn is in all probability due to the fact that the flux 
rates of wailace and Duce (1975) were calculated using phytoplankton 
metal to carbon ratios estimated from the data of Martin and Knauer 
(1973). Wallace and Duce (1976b) have discussed the relative rela-
tionship of these metals with respect to POC in surface-water suspended 
matter. The reason for different values of these metal to carbon 
rati.os in phytoplankton and in the suspended matter in seawater was 
attributed to differences in the size and type of particles which were 
sampled. The anomalous ratio for Ni in table 21 probably' reflects the 
generally high uncertainties in the concentrations for this metal in 
Sargasso Sea surface.water and particularly in the atmosphere. As 
such, the ratio of these two fluxes may have to be subsequently modified 
to reflect improvements in the data for this metal in both the marine 
and atmospheric environment. 
I 
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The fact that the ratios of the two fluxes do not vary substan-
tially for the remainder of the metals reflect the similarity in com-
position of the PTM ~ontent of paiticles in Sargasso Sea surface waters 
and those of the atmosphere sampled in Bermuda. This observation and 
some of the factors believed responsible for it have been discussed in 
detail ~lsewhere (Wallace and Duce, 1976b). The similarity in the 
magnitudes of the rates, however, is of interest. Apparently, both 
the atmosphere and bubbles are important in supplying the surface micro-
layer with particulate trace metals if the PTM of atmospheric origin 
do not dissolve upon entering seawater (Hoffman et al., 1974). With 
respect to this last concept, it is interesting to note that if the 
apparent contamination during flotation resulted from atmospheric con-
tributions, the latter was introduced in a form insoluble in seawater 
and easily transported by bubbles. The importance of bubbles is of 
course limited to those times in which bubbles are produced by wind 
generated breaking waves. At other times, atmospheric processes may 
be more important. It should also be noted that the bubble-transport 
flux is a crude estimate, and more definitive conclusions based on this 
estimate are clearly not warranted. 
Bubble-induced particle aggregation 
In all of the flotation runs conducted, there was a distinct 
phenomenon which occurred in the froth. Large macroscopic particles 
formed which rapidly settled to the bottom of the collecting container 
and could not be broken up by vigorous shaking. These large particles 
were formed in a very short period of time, even in the absence of 
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refluxing of the froth. Consequently, it.seems likely that bubble 
transport in the sea may be capable of concentrating and increasing the 
size of particulate matter and therefore accelerating the flux of small 
particles through the mixed layer. Since most of the atmospherically 
introduced PTM enter as small-sized particles with diameters< 4 µm, 
(Chester, 1972), this mechanism may be of importance in the transport 
of atmospherically-introduced PTM to deep waters. It is interesting in 
this respect to compare the bubble-transport rate of PTM with that of 
Wallace and Duce (1976~) for PTM reaching deep waters in association 
with sinking POC. A comparison of the two fluxes is given in table 22. 
The two fluxes are in remarkable agreement, considering the independent 
nature of each, and indicate that bubble-induced aggregation of smaller 
particles may be of importapce as a source of a large particle POC-
associated PTM flux to deep water. 
CONCLUSIONS 
Flotation experiments, using surface samples collected from open-
ocean waters, demonstrated that a substantial fraction of the PTM in 
the samples could be transported by bubbles. The predicted PTM bubble 
transport of Wallace and Duce (1975) was recalculated using these 
results, and the resulting PTM fluxes to the sea-air interface were 
found to be in close agreement with that of atmospheric transport of 
PTM to the sea-air interface of the Sargasso Sea. Both bubble transport 
and atmospheric deposition were found to be potentially important con-
tributors to the sea-surface microlayer in this region.· Comparison of 
the estimated upward ·open-ocean bubble transport rate of PTM and the 
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TABLE 22 
COMPARISON OF BUBBLE FLUX AND POC ASSOCIATED 
PTM FLUX TO DEEP WATER 
Metal Upward Downward Bubble Flux 
Bubble Flux POC-PTM Flux* POC-PTM Flux 
(µg -2 -1 -2 -1 m sec ) (µg m sec ) 
Al 1. 1 X 10-3 3 .. 8 X 10-4 2.9 
Fe 9.0 X 10-4 2,9 X 10-4 3. 1 
Mn 1.9 X 10-5 8.0 X 10-6 2.4 
Ni > 1. 3 X 10- 5 < 2.2 X 10- 5 > 0.6 
er· 3.7 X 10- 5 1.4 X 10- 5 2.6 
Cu 1.4 X 10-5 1.2 X 10-5 i.2 
Zn < 3.0 X 10-5 1.2 X 10- 5 2.5 
Pb 1.4X 10-5 6.4 X l0- 6 2.2 
Cd 5.8 X 10- 1 1. 9 X 10- 1 3. 1 
*Wallace and Duce (1976b) 
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downward flux of PTM estimated by Wallace and Duce (1976b) to be trans-
ported to depth in association with the POC reaching deep waters were 
in good agreement with one another. This similarity in independently 
derived fluxes and the observation that large aggregates formed in all 
the froths of the open-ocean samples indicated particle aggregation 
resulting from bubble transport may be an important pathway leading 
to the rapid removal of PTM, including th;se of atmospheric origin, 
from the mixed layer. 
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ABSTRACT 
The results of flotation experiments using surface-marine waters 
collected from estuarine, continental shelf, slope and _6pen-ocean 
waters are discussed. Approximately half of the originally present 
particulate organi~ carbon and particulate organic nitrogen could be 
adsorbed and transported by bubbles to accumulate and be recovered in 
the froth generated by this procedure. Recovery values were found to 
be a function of primary production and other environmental parameters. 
In only one instance was there any evidence to suggest selectiye 
removal of particles with C/N ratios differing from those left behind. 
Bubble transport of POC was estimated for different marine waters. 
The open~ocean bubble transport of POC was found to be 5 times the. 
earlier estimate of Wallace and Duce (1975) due to the unexpected 
efficiency of the flotation. column at the low open-ocean POC concen-
trations. Budget calculations indicated that there was little or 
no conversion of dissolved organic carbon to particulate organic 
carbon. This observation was discussed in view of. the results of 
previous experimental work in this area. Large macroscopic particles 
were observed to quickly fotm in the froth produced by bubbling. 
The significance of this observation with respect to the transport 
of large particle POC to deep waters w~s discussed. 
INTRODUCTION 
Interest in the physical, chemical, and biological aspects of 
interfacial phenomena occurring at the sea surface has stimulated the 
production of no less than 9 review articles or books in recent years 
(Nishizawa, 1969; Parker and Barsom, 1970; Zaytsev, 1970; Lafond and 
Lafond, 1972; MacIntyre, 1974a; Blanchard, 1975; Liss, 1975a, b; Duce 
and Hoffman, 1976). Generally, particulate matter has been found to 
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be concentrated in the sea-surface microlayer; it may be living or. 
non-living, and is not limited to organic matter alone. More specif-
ically; surface-microlayer concentrations of particulate organic carbon 
(POC) and particulate organic nitrogen (PON) have been observed to be 
substantially greater than concentrations of these parameters in the 
water column below the microlayer (Williams,. 1967; Nishizawa, 1971; 
'Nishizawa and Nakajima, 1971; Taguchi and Nakajima, 1971). In a con-
tinuing attempt to better define processes leading to the enrichment 
of these substances at the air-sea interface, and the chemical and 
physical nature of the material s6 concentrated, flotation studies were 
conducted using surface waters collected from estuarine, coastal, and 
open-ocean marine environments. The removal and transport of POC and 
PON from the bulk water to the air-water surface via the interfacial 
surface generated by rising bubbles was determined. This provided an 
empirical measurement of the fraction of organic particulate matter in 
~urface waters which possessed an affinity for the air-~ater interface. 
In the course of these experiments it was possible to determine 
the probability of transfer of organic carbon in marine water.s from the 
dissolved state (particle diameter< 0.45 µm) to ·a particulate form 
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(particle diameter> 0.45 µm). Whether this transfer occurs to a 
significant extent in the marine environment has been a subject of much 
controversy and is of considerable ecological importance. The mechanism 
whereby such transfer might occur still remains an unknown despite a 
number of attempts to define it (Baylor and Sutcliffe, _1963; Sutcliffe 
et al., 1963; Riley, 1963; Riley et al., 1964; Riley et al., 1965; 
Barber, 1966; Menzel, 1966; Sheldon et al., 1967; Batoosingh et al., 
1969; Wallace and Wilson, 1969; Miller, 1970; Sharp, 1972; Wheeler, 
1975). The results of the flotation experiments provided further in-
sight into the nature of this phenomenon. 
METHODS 
Sample collection 
Samples of surface water were collected in the West Passage of 
Narragansett Bay, Rhode Island, in coastal and open-ocean waters be-
tween Narragansett, Rhode Island and Bermuda on R/V TRIDENT cruises 
TR-137 and TR-152, and in Bermuda coastal waters. Collection was made 
using a polyethylene bucket from e·ither a rubber Zodiac boat (TR-137 
and TR-152) or other small boat. In all cases, care was taken to avoid 
sampling water through which either the TRIDENT or the boat from which 
sampling was accomplished had passed. Detailed descriptions of the 
collection of the Narragansett Bay samples have been given elsewhere 
(Wallace and Duce, 1975) as have been those pertaining to the samples 
collected on TRIDENT cruises TR-137 and TR-152 (Wallace and Duce, 1976a). 
The. Be-rrnuda samples were collected in a manner identical to that used 
in the collection of the Narragansett Bay samples. The dates and loca-
tions of the samples collected•in Narragansett Bay and during the.two 
TRIDENT cruises are given in table 1 and the locations are shown in 
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fig. 1. The Bermuda samples were collected in July of 1973 approximately 
10 km southeast of the Castle Roads entrance to Castle Harbor in 1800 m 
of water. 
Flotation 
The flotation procedure was similar to that described by Wallace 
et al. (1972). An in-line 0.22 µm pore size Millipore filter was in-: 
stalled in the polyethylene N
2 
supply line used to pressurize the sample 
reservoir and the gas-feed line to the column in all flotation experi-
ments .conducted after November, 1972. This was done to further reduce 
the possibility of contamination of the samples. The previously all-
glass liquid-feed lines between the sample reservoir and column were 
replaced with polyethylene lines for samples collected during TR-137 
and in Bermuda. Silicone rubber tubing was.substituted for the poly-
ethylene line during TR-152. Shipboard and shore-based flotation of the 
samples was commenced immediately after collection of the sample. Flo-
tation experiments were completed within 2 hours of initiation and often 
sooner depending on the volume of sample processed. Flotation times 
were reduced from a 15 min period to 2 min for samples collected during 
TRIDENT cruise TR-152 and much larger sample volumes were processed 
during this cruise. 
In order to check the efficiency of the column's operation using 
the 2 min time period, the residue fraction from the entire run was 
saved and stored in 4 separate carboys. Each was then used to prepare 
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TABLE 1 
DATES .AND LOCATION OF SAMPLES 
Sample Date Location 
Narragansett Bay 
1 12/ 15/71 4i 0 29 '29"N 71 °25 '09"W 
2 1/11/72 41°29'41"N 71 °24 '44''W 
3 2/ 15/72 41°29'41"N 71°24'44"W 
4 3/28/72 41°29'29"N 71°25 '09"W 
5 4/3/72 41°29'4l"N 71 °24 I 44"W 
6· 5/1/72 41°29'41"N 71 °24 t44"w 
7 5/22/72 41°29'4l"N 71°24'44"W 
8 5/23/72 41°29'4l"N 71 °24 I 44 "W 
9 5/25/72 41°29'4l"N 71°24'44"W 
10 5/26/72 41°29'4l"N 71°24'44"W 
11 5/27/72 41°29'41"N 71 °24 I 44 "W 
12 7/10/72 41°29 1 4111N 71°24 1 4411W 
13 8/7 /72 41°29'4l"N 71°24 1 4411W 
14 9/11/72 41°29'41"N 11°24t44"w 
15 10/ 11/72 41°34'03"N 71°24'26"W 
16 11/ 14/72 41°34'0J"N 71 °24 '26"W 
17 2/7/73 41°34'03"N 71°24 1 26"W 
18 3/7/73 41°34'03"N 71°24'26"W 
19 3/21/73 41°34'03"N 71°24 1 2611W 
20 4/17/73 41°34'03"N 71°24'26"W 
21 5/16/73 41°34'03"N 71°24 1 26"W 
22 6/19/73 41°34'03"N 71 °24 I 26"W 
TABLE 1-Continued 
Sample Date Location 
TR-137 
1 6/5/73 33°54.7'N 65°41.l'W 
3 6/6/73 35°21.l'N 66°43.7'W 
4 6/7/73 37°00.5'N 67°40.4'W 
5 6/8/73 38°15.9'N 68°47.5'W 
6 6/9/73 39°41. 3 'N 69°47.l'W 
8 6/10/73 41°10.Z'N 71 °04.4 'W 
TR-152 
1 5/9/74 40°52.0'N 70°18.l'W 
2 5/ 10/74 42°20.5'N 67°13.8'W 
3 5/11/74 41°12.4'N 66°30. 7 'W 
4 5/12/74 39°56.6'N 66°18.Z'W 
5 5/14/74 36°35.3'N 66°03.Z'W 
7 5/16/74 32°54.4'N 66°07.0'W 
8 5/17/74 32°03.0'N 64°54.0'W 
9 5/18/74 32°03.0'N 64°52.Z'W 
10 5/ 19 /74 31°55.5 1N 64°56.Z'W 
Fig. 1 Station locations, R/V TRIDENT cruises 
TR-137 and TR-152 
162 
NA R RAG A ~~~TT. 
N 
• 40° 4 
5 
BERMUD • 
w 75°. 70° 65° 
Fig. 1 
163 
filters which served as replicates .for the residue fraction. Precision 
of the replicates prepared in this way indicated that recovery was 
reproducible · using the shorter fiotation time. At tlle termination of 
each run, the column, reservoir, and liquid-feed lines were immediately 
rinsed with deionized H2o and all opening
·s of ·the column covered with
plastic bags. 
A more detailed description of the flotation.procedure used on 
TR-152 is given elsewhere (Wallace and Duce, 1976b). There were no 
other fundamental differences in the flotation procedure used to treat 
the samples of estuarine, coastal, and open-ocean origin. 
Filtration and analysis 
Preparation of filters- for subsequent POC and PON analysis was as 
described by Wallace et al. . (1972) except that second filters used to 
correct POC and PON values of samples cqllected froir;i coastal and open­
ocean waters for adsorbed carbon and nitrogen were not prepared for the 
reasons discussed by Wallace and Puce (1976a). Volumes filtered for 
analysis were generally less-in the TR-137 and· Bermuda samples than 
during TR-152. In-all cases, samples were prepared at least in dupli­
cate and· often in quadruplicate. All samples. were frozen until ahaly�ed. 
Analysis of the filters was as described by Wallace et al. (1972) and 
Wallace and Duce (1976a). 
RESULTS 
.The mean. POC and PON concentrations observed in Narragansett Bay, 
shelf and slope waters, the Sargasso Sea, and in Bermuda coastal waters 
are given in table 2 .  The �ecovery (POC arid PON recovered in the froth) 
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TABLE 2 
MEAN POC AND PON CONCENTRATIONS FOR SAMPLES OF 
DIFFERENT MARINE ORIGIN 
Sample Origin No. of POC PON 
Samples -1 -1 
(n) (µg 1 ) (µg 1 ) 
Narragansett Bay . .. . . . 22 480 ± 180 90 ± 30 
SloEe arid Shelf Waters 
TR-137 . . . 3 100 ± 60 . 15 ± 10 
TR:-152 •· . . . . . . 4 170 ± 140 31 ± 24 
Combined . . . . . . . . . 7 140 ± 110 24 ± 19 
Sargasso Sea 
TR-137 3 28 ± 5 3.7 ± 0.3 
TR-152 . . . . . . . . . . .. . 5 26 ± 5 2 .6 ± 0.8 
Combined . . . . . . . . 8 26 ± 5 3.0 ± 0.8 
Bermuda . . . . . . . . . . . 10 47 ± 20 5.0 ± 2.9 
and budget (total POC and PON recovered in the froth and remaining in 
the residue compared to the total originally present) for each sample 
were calculated as described by Wallace et al. (1972) and are given in 
tables 3 - 10. Uncertainties for POC and PON concentrations are given 
as 1 a and are based on replicate determinations or analytical uncer-
tainties, whichever was greater. 
Flotation Recoveries and Budgets 
Narragansett Bay 
The recovery of POC and PON in the stable froths generated during 
the flotation experiments using surface water from Narragansett Bay 
ranged from 21 to 69% (tables 3 and 4). Comparison of the variation 
of the recovery values with the POC concentration, plotted in fig. 2, 
suggested an apparent inverse relationship between recovery and POC 
concentration. 
-1 POC and PON concentrations ranged from 233 to 850 µg 1 and 41 
to 176 ]Jg 1- 1, respectively, during the 19 month period of sampling. 
Since the samples were taken at or near a location for which consider-
able biological data was being acqu~red (Smayda, 1973; Durbin et al., 
1975), some insight into the causes of the variations in these particu-
late organic levels was possible. 
Connection of the data points in both the POC and recovery traces 
in fig. 2 was done with some trepidation. Monthly and perhaps even 
weekly samples were not considered ideal in retrospect for the defini-
tive determination of the sequence of events affecting POC levels and 




NARRAGANSETT BAY F1.0TATION EXPERIMENT RESULTS 
POC 
Sample Original Residue Foam Recovery Budget 
(µg 1-1) (µg 1-1) -1 (µg 1 ) (%) (%) 
1 332 ± so 148 ± 15 8400 ± 400 39 ± 6 83 t- 13 
2 333 ± 10 154 ± 3 16700 ± 1000 53 ± 4 99 ± 4 
3 371 ± 7 130 ± 11 23100 ± 600 69 ± 2 104 ± 10 
4 564 ± 66 423 ± 12 12600 ± 400 30 ± 4 105 ± 14 
5 478 ± 6 273 ± 8 27800 ± 900 46 ± 1 103 ± 4 
6 327 ± 10 135 :t 8 . 11900 ± 500 59 ± 6 100 ± 8 
7 557 ± 44 267 ± 40 22700 ± 1400 47 ± 5 95 ± 10 
8 440 ± 26 200 ± 6 32000 ± 1000 52± 4 98 ± 6 
9 583 ± 60 285 ± 9 9600 ± 200 49 ± 5 98 ± 10 
10 850 ± 25 461 ± 18 45600 ± 500 42 ± 4 96 ± 5 
11 732 ± 67 354 ± 11 33000 ± 1000 45 ± 4 94 ± 9 
12 572 ± 16 274 ± 8 47000 ± 2000 38 ± 2 86 ± 3 
13 488 ± 17 259 ± 12 33000 ± 2000 49 ± 3 103 ± 5 
14 327 ± 10 158 ± 10 13900 ± 400 45 ± 2 94 ± 3 
15 250 ± 7 112 ± 8 12400 ± 1200 48 ± 5 93 ± 6 
16 233 ± 7 107 ± 3 22000 ± 700 58 ± 2 104 ± 4 
17 436 ± 42 158 ± 14 35800 ± 2900 53 ± 7 89 ± 10 
18 830 ± 99 712 ± 80 20300 ± 800 21 ± 3 106 ± 16 
19 277 ± 28 156 ± 7 12400 ± 200. 44 ± 4 101 ± 10 
20 452 ± 9 285 ± 3 14200 ± 300 37 ± 1 100 ± 2 
21 428 ± 11 262 ± 21 15800 ± 600 38 ± 2 100 ± 5 
22 758 ± 37 366 ± 20 73700 ± 2100 44 ± 3 92 ± 6 
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TABLE 4 
NARRAGANSETT BAY FLOT.'\TION EXPERUIENT RESULTS 
PON 
Sample Original Residue Fonm Recovery Budget 
-1 (µg 1 ) -1 (1•g l. ) -1 (µg 1 ) (%) (:Z) 
1 53 ± 8 25 ± 3 1330 ± 90 39 ± 6 8-5 ± 21 
2 58 ± 2 29 ± J 2600 ± 100 47 ± 3 97 ± 4 
3 66 ± 5 24 ± 2 3900 ± 200 65 ± 5 100 ± 7 
4 83 ± 11 60 ± 3 1940 ± 90 32 ± 5 104 ± 15 
5 72 ± 4 37 ± 2 4400 ± 300 48 ± 4 99 ± 8 
6 50 ± 1 24 ± 2 1650 ± 40 54 ± 3 101 ± 6 
7 97 ± 11 49 ± 4 . 3500 ± 200 42 ± 6 93 ± 12 
8 71 ± 7 34 ± 3 4900 ± 200 50 ± 6 98 ± 11 
9 94 ± 10 47 ± 5 1510 ± 40 48 ± 5 98 ± 12 
10 147 ± 10 68 ± 5 7400 ± 1000 40 ± 6. 86 ±· 9 
. 11 119 ± 17 51 ± 6 5300 ± 150 45 ± 7 87 ± 13 
12 91 ± 10 46 ± 2 7400 ± 400 37 ± 5 88 ± 6 
13 86 ± 14 47 ± 4 6600 ± 500 55 ± 10 111 ± 20 
14 77 ± 15 38 ± 8 2800 ± 300 40 ± 12 90 ± 23 
15 41 ± 9 20 ± 2 2100 ± 300 so± 13 100 ± 23 
16 49 ± 2 22 ± 1 3380 ± 90 42 ± 2 87 ± 3 
17 83 ± 12 31 ± 1 5840 ± 350 45 ± 7 83 :!; 12 
18 140 ± 12 124 ± 16 3600 ± 100 22 ± 2 110 ± 14 
19 66:: 7 38 ± . 2170 ± 90 35 ± 4 93 ± 9. ~ 
20 86 ± 2 49 ± 1 2580 ± 150 35 ± 2 92 ± 4 
21 83 ± 4 52 ± 4 2840 ± 90 36 ± 2 98 ± 7 
22 176 ± 5 78 ± 4 14800 ± 600 38 ± 2 82 ± 4 
Fig. 2 Recovery, budget, and ciriginal FOC concentrations 
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by Narragansett Bay._ For example, the POC concentrations determined 
for l/li/72, 2/15/72, and 2/15/72, 3/28/72 show little indication of the 
major diatom blooms which occurred in between the two sets of dates as 
indicated by the data of Smayda (1973). On the other hand, the high 
POC concentrations o~ 3/7/73 and 6/17/73 in ~11 probability reflect the 
winter-spring bloom of diatoms and the summer bloom of flagellates, 
respectively, described by Durbin et al. (1975). Interpretation of 
trends implied by the connection of the data points in fig. 2 must 
therefore be made with caution. 
The apparent tendency for the recovery of POC to decrease duiing 
periods of increasing POC was not incbnsistent with th~ earlier work of 
Wallace et al. (1972) in which it was observed that log-phase cells of 
Thalassiosira pseudonana displayed no affinity foi the air-water inter-
face whereas scenescent and dead cir dying cells of this species were 
removed by the flotation process to a much greater degree. Thus the low 
recoveries observed in March in both 1972 (3/28) and 1973 (3/7) could 
be considered consistent with this observation. Th~t these decreaies 
in recovery were larg~ly due to the dilution of the recoverable POC with 
non-floatable organic matter can be seen by noting that the absolute 
amount of POC recovered in the froth showed little change during the 
1972 winter-spring bloom and decreased only slightly during the 1973 
winter-spring bloom. Otherwise, the trend in the weight of POC recovered 
in the froth generally followed that of the concentration of POC, or in 
other words, the percent recovery values were relatively constant •. 
According to the observations of Wallace et al. (1972) discussed 
above, an increase in recovery (in absolute terms) of POC should have 
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been observed as the bloom collapsed. The fact that this was not ob-
served (with the possible exception. of the 2/15/72 sample collected after 
the Skeletonema bloom) may reflect the rapid disappearance of phyto-
plankton by biological mechanisms. A more likely explanation, however, 
was considered to be the inability to sample the identical water mass 
in which the phytoplankton activity had been observed. This was attrib-
uted to the phenomena of patchiness and the dynamic physical oceano-
.graphic processes occurring in the bay (Weisberg, .1976). 
An attempt was made to examine the short term varia.tions in POC 
concentration and recovery as a function of wind-induced mixing. Samples 
-1 w~re collected under typital wind conditions (~ 5 m sec ) on 5/22 and 
5/27, under very calm conditions (no wind) on 5/23, a few hours after 
-1 
the onset of relatively higher winds on 5/25 (10 - 13 m sec ) and ap-
proximately 10 hours after the diminishing of these winds on 5/26. • POC 
-1 
concentrations rose from a minimum of 440 µg 1 on 5/23 to a maximum 
of 850 µg 1-l on 5/26 (fig. 3) indicating possible resuspension of sedi-
mented organic matter (Oviatt and Nixon, 1975). Particulate Al concen-
trations measured in these samples (Wallace and Duce, 1975) also support 
this conclusion, rising from a minimum of 38 µg 1-l on 5/23 to a maxi-
-1 
mum of 157 µg 1 on 5/26. The plots of POC concentration and recovery 
in fig. 3 (expanded from the same data displayed in fig. 2) illustrate 
an inverse relationship similar .to. that discussed earlier. Consideration : 
of the relative magnitudes of the changes in the two parameters leads, 
however, to the conclusion that the POC mixed into the surface layers 
was of a similar nature to that originally present, at least with respect 
to its surface properties. 
Fig. 3 Short-term variations in recovery and original POC 

























On the basis of the Narragansett Bay. work, it appeared that a 
relatively constant fraction (mean percent recovery= 46 ± 10 for all 
runs) of th~ POC in surfa~e waters possessed an affinity for the air-
water interface. The mean percent recovery of PON was 43 ± 9. 
Exceptions to this generalization were observed for samples obtained 
during periods of active phytoplankton growth. 
Since the PON observations were essentially the same as those for 
POC, they will not be discussed further except in the context of C/N 
ratios. 
Budget valties for the Narragansett Bay experiment$ (fig. 2) were 
generilly close to 100%. The mean percent budget value for all runs 
was 97 ± 6 for POC and 95 ± 8 for PON .. Known small losses of frbth 
occurred during the flotations of samples collected on 2/7/73 and 
6/19/73 possibly explaining the lower budget values for these samples. 
The low budget values observed on 12/15/71 and 7/10/72 could not be 
explained in this way, suggesting instead a possible lysing of cells 
during these runs (Carlucci and Williams, 1965; Wallace ·et al:, 1972). 
The budget values also appeared to reflect variations in the recovery 
to some extent, particularly between May, 1972 and November, 1972 
·indicating, perhaps, the presence of a small systematic error. This 
was probably due to the difficulties in handling the concentrated 




Sargasso Sea stations 
Stations 1, 3, and 4 of TR-137 and 5 - 10 of TR-152 were all located 
in the Sargasso Sea. Stations 8 - 10 of TR-152 were at the same location 
and occuppied on three successive days. The POC concentrations for all 
-1 
these stations were quite similar, ranging from 18 to 33 µg 1 (tables 5 
. and 7). The mean POC concentration observed at the TR_:.137 stations was 
1 -1 
28 µg 1- while that at the TR-152 stations was 26 µg 1 (table 2). PON 
1 -1 concentrations ranged from 2.2 to 5.0 µg 1- with a mean of 3.7 µg 1 
-1 for TR-137 and 3.9 µg 1 for TR-152 (tables 2, 6, and 8). 
The froth produced at these stations was not as stable nor as turbid 
as those pr6du~ed in the Narragansett Bay ~xperiments, as might be ex-
pected. Recoveries of POC at the TR-137 Sargasso Sea stations were 
generally higher than those for TR-152. Recoveries ranging.from 41 - 58% 
were observed for TR-137, while recoveries observed for the Sargasso Sea 
stations during TR-152 ranged from 26 - 45%. Budget values ranged from 
77 - 127% for POC at the TR-137 stations, while ranging from 91 - 110% 
at the TR-152 Sargasso Sea stations. The recovery and budget patterns 
were similar for PON although the recovery and budget values for station 1, 
TR-137 were anomalously lower than that for POC at the same station. 
Several explanations may exist for the apparent differences in 
recoveries observed during TR-137 and TR-152. The greater variability 
of the budget values for TR-137 were considered indicative of the greater 
probability of contamination during the flotation experiments and/or the 
result of filtering relatively smaller volumes for POC and PON deter-
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TABLE 5 
TR-137 FLOTATION EXPERIMENT RESULTS 
POC 
Sample Original Residue Foam ·Recovery Budget 
-1 (µg 1 ) -1 (µg 1 ) -1 (µg 1 ) (%) (%) 
1 33 ± 8 13 ± 5 1840 ± 80 41 ± 10 80 ± 25 
3 26 ± 1 18 ± 1 1890 ± 110 58 ± 9 127 ± 7 
4 24 ± 3 6.2 ± 1.1 1780 ± 150 51 ± 7 77 ± 11 
5 45 ± 3 20 ± 4 3800 ± 600 64 ± 11 108 ± 15 
6 89 ± 18 27 ± 6 6700 ± 400 62 ± 13 92 ± 20 
8 166 ± 7 88 ± 12 7600 ± 300 38 ± 2 91 ± 8 
TABLE 6 
TR-137 FLOTATION EXPERIMENT RESULTS 
PON 
Sample Original Residue Foam Recovery Budget 
(µg 1-1) -1 (µg 1 ) -1 (µg 1 ) (%) (%) 
1 • 3.9 ± 0.2 1.0 ± 0.1 143 ± 10 27 ± 2 52 ± 4 
3 3.8 ± 0.2 2.4 ± 0.2 260 ± 33 55 ± 7 117 ± 9 
4 3.4 ± 0.4 1.3 ± 0 .1 224 ± 18 45 ± 7 83 ± 11 
5 7.8 ± 0.2 1.8 ± 0 .1 600 ± 20 58 ± 2 80 ± 3 
6 11.4 ± 0.4 3.0 ± 0.6 870 ± 50 63 ± 4 89 ± 7 
8 26 ± 2 12.4 ± 0.6 1180 ± 40 38 ± 3 85 ± 7 
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TABLE 7 
TR-152 FLOTATION EXPERIMENT RESULTS 
POC 
Sample Original Residue Foam Recovery Budget 
-1 (µg 1 ) -1 (µg 1 ) -1 (µg 1 ) (%) (%) 
1 169 ± 5 98 ± 4 15200 ± 500 38 ± 2 9.6 ± 4 
2 87 ± 3 60 ± 2 7900 ± 400 27 ± 2 96 ± 4 
3 64 ± 2 47 ± 2 4500 ± 150 27 ± 1 100 ± 4 
4 364 ± 17 279 ± 17 20500 ± ll00 15 ± 1 92 ± 6 
5 26 ± 1 22 ± 2 755 ± ,20 26 ± 1 ll0 ± 9 
7 18 ± 2 ll ± 1 770 ± 40 35 ± 4 96± 12 
8 32 ± 2 19.3 ± 1.5 1370 ± 70 35 ± 3 95 ± 8 
9 26 ± 2 16.4 ± 0.9 2000 ± 20 45 ± 3 108 ± 9 
10 26 ± 2 14.3 ± 0.8 2830 ± 230 36 ± 4 91 ± 8 
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TABLE 8 
TR-152 FLOTATION EXPERIMENT RESULTS 
PON 
Sample Original Residue Foam Recovery Budget 
-1 (µg 1 ) -1 (µg 1 ) . -1 (µg 1 ) (%) (%) 
1 29.9 ± 0.7 18.2 ± 0.7 2100 ± 130 29 ± 2 90 ± 4 
2 16. 7 ± 0.9 12.4 ± 0.3 ll80 ± 40 21 ± 1 95 ± 6 
3 11.8 ± 0.9 9.0 ± 0.4 720± 15 23 ± 2 100 ± 8 
4 64 ± 2 52.0 ± 1.5 3070 ± 90 13 ± 1 . 94 ± 4 
5 4.6 ± 1.0 3.7 ± 0.2 103 ± 3 19 ± 4 100 ± 22 
7 2.2 ± 0.2 1.62 ± 0.07 98 ± 4 42 ± 4 ll6 ± 11 
8 5.0 ± 0.2 2.9 ± 0.3 212 ± 31 35 ± 5 93 ± 9 
9 3.7 ± 0.2 2.6 ± 0.3 302 ± 3 48 ± 2 118 ± 10 
10 3.8 ± 0.3 2.3 ± 0.2 382 ± 5 33 ± 2 94 ± 9 
·---- -- -
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minations at the TR-137 stations (Gordon and Sutcliffe, 1974). The 
TR-152 results were obtained using much larger volumes in both the flo-
tation procedure and in the preparation of filters for subsequent POC 
and PON analysis. A second possible explanation for the lower recovery 
observed at the TR-152 stations may be real differences in the surface 
properties of the particles present at the time of sampling. A final 
contributing factor to the lower recoveries during TR-152 may be the 
shorter flotation times used at these stations. Which of these factors 
were more important in producing the observed difference could not be 
conclusively det~rmined. 
Shelf and slope-water stations 
The remaining samples from both cruises were collected at stations 
north of the Gulf Stream in slope and continental shelf waters. Froths 
generated at these stations were intermediate in stability and turbidity 
between those observed for Narragansett Bay and Sargasso Sea samples. 
These samples were also characterized by generally higher and more vari-
able POC and PON concentrations (table 2). POC recoveries ranged from 
38 to 64% for TR-137 and were somewhat lower (15 to 38%) for TR-152, a 
trend reflected iri the PON data and similar to that observed for the 
Sargasso Sea samples. Budget values for POC ranged from 91 to 108% for 
TR-137 and 92 to 100% for TR-152 and were observed to be similar for 
PON. Since the budget values were more comparable between the two sets 
of samples,. there was a greater probability that these differences 
might be real. 
The most likely cause of this difference in recovery was differ-
ences in the surface properties of the particulate organic matter. 
Unfortunately n9 biological parameters such as.production or ATP 
measurements were available. However, the high concentration of 
-1 . . 
POC (364 µg 1 ) at station·4, TR-152 suggested the presence of 
recent or current phytoplankton growth. The lowest recovery value 
(15%) observed for all samples was observed at this station, an obser-
vation in agreement with the predictions based on the results obtained 
in Narragansett Bay and those using phytoplankton cultures (Wallace 
et al., 1972). Extrapolation of this explanation to observations made 
at the remaining stations was, however, not warranted in view of the 
limited nature of the data available. 
Bermuda 
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Surface water concentrations of POC and PON at the Bermuda station 
were generally higher and more variable than those observed for Sargasso 
Sea surface waters. This was due to either a .close proximity to 
Bermuda, Le. an island affect, or seasonal variability or both. POC 
-1 
concentrations ranged from 26 to 79 µg 1 with a mean concentration of 
~1 1 
47 µg 1 and PON from 1.7 to 10 µg 1- with a mean concentration of 
-1 
5.0 µg 1 (tables 2, 9, and 10). 
Froths generated during the flotation experiments at this station 
were characterized by good stability and high turbidity for samples in 
which the POC concentrations were relatively high (samples 1-2, 6-7, 10) 
and by low stability and less turbidity for samples containing less POC 
(samples 3-4, 8-9, 11). Tar particles were observed to be abundant in 
TABLE 9 
BERMUDA FLOTATION EXPERIMENT RESULTS 
POC 
-Sample Original Residue Foam Recovery 
. -1 
(µg 1 ) -1 (µg 1 ) -1 (µg 1 ) (%) 
1 79 ± 3 47 ± 7 9500 ± 500 37 ± 2 
2 70 ± 11 50 ± 6 29 ± 19* 
3 26 ± 2 . 16 ± J 4600 ± 300 46 ± 5 
4 32 ± 6 20 ± 1 3500 ± 200 36 ± 7 
6 60 ± 4 47 ± 6 14800 ± 700 . 43 ± 4 
7 64 ± 6 51 ± 6 18100 ± 900 51 ± 5 
8 28 ± 1 13 ± 3 3600 ± 400 41 ± 5 
9 38 ± 6 18 ± 1 4500 ± 300 50 ± 9 
10 45 ± 4 28 ± 2 8900 ± 1700 52 ± 11 
11 26 ± 1 11.8 ± 0.6 4000 ± 700 67 ± 12 
• *Calculated by difference: 






where: C = concentration of original 
0 





97 ± 10 
107 ± 14 
98 ± 19 
122 ± 13 
131 ± 16 
87 ± 12 
97 ± 16 
115 ± 15 
113 ± 13 
TABLE 10 
BERMUDA FLOTATION EXPERIMENT RESULTS 
PON 











-1 (µg 1 ) -1 (µg 1 ) -1 (µg 1 ) 
8.9 ± 0.7 5.8 ± 1.1 1000 ± 70 35 
10 ± 1 4.6 ± 0.8 54 
1.7 ± 0.7 1.1 ± 0.4 440 ± so 67 
2.8 ± 0.8 2.0 ± 0.2 280 ± 30 34 
5.9 ± 1.1 5.4 ± 0.3 1160 ± 70 34 
7.2 ± 0.9 5.2 ± 0.7 1500 ± 150 38 
3.4 ± 0.4 1.7 ± 0.4 300 ± 30 28 
3.6 ± 0.5 1.9 ± 0.3 400 ± 40 47 
4.7 ± 0.7 3.2 ± 1.0 590 ± 60 34 
2.2 ± 0.2 1.1 ± 0.3 210 ± 20 43 
*Calculated by difference: 






where: C = concentration of original 
0 
















100 ± 15 
13.0 ± 59 
106 ± 32 
126 ± 24 
110 ± 17 
77 ± 15 
100 ± 17 
101 ± 26 
92 ± 16 
samples 4 and 9 and in the froths generated from these samples and 
that of sample 7. They were not observed, however, in the residual 
fractions of these three samples, suggesting that tar particles can 
be transported by rising bubbles and perhaps accumulateat the air-
water interface. Their abundance in these samples was not sufficient 
to cause significant ~hanges in the C/N ratios of the particulate 
matter collected on those days. 
Recoveries observed for this series were found to range from 36 
to 67% for POC and were not found to be a function of foam stability 
or POC concentration. Budget values ranged from 87 to 131%. Similar 
results were observed for PON, although the recovery values for 
several samples did not agree well with corresponding POC recoveries. 
Where such differences existed, examination of the corresponding 
experimental budgets revealed inconsistencies indicating either poor 
precision or a probable systematic error. 
Table 11 summarizes the recovery and budget data for each geo-
graphic region discussed above and these data are expressed as the 
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mean and respective standard deviation for each region. There was no 
significant difference in either the POC and PON recovery or budget 
between any of the geographically based means. The mean budget values, 
with one exception, were not significantly different from 100%. The 
exceptioni the slope and shelf-water mean PON budget for TR-137 
(based on 3 samples), was significantly different from 100% at the 5% 
level of probability as determined using the Student's t test. The 
overall mean recovery values were 44% and 41% for POC and PON, respec-
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Carbon/nitrogen ratios were calculated on a weight/weight basis 
for the original, residue, and froth fractions of each sample and are 
reported in tables 12 - 14 and summarized in table 15. Uncertainties 
for the recovery, budget, and C/N ratios reflect the uncertainties in 
the concentrations suitably propagated through the calculation of these 
values. The significance of differences between mean C/N ratios were 
determined using the Student's t test. 
Narragansett Bay 
The C/N ratio of the original fraction of the Narragansett Bay 
samples ranged from 4.2 to 6.8 with an over-all mean of 5.7 ± 0.8 which 
is identical to the Redfield ratio for these elements. Fluctuations 
from this reference ratio were small and could not be associated with 
any of the changes in the parameters which might have affected the flo-
tation results such as phytoplankton standing crop, wind-induced mixing 
(see samples 7 - 11), recovery or POC and PON concentrations. C/N 
ratios observed in the froth and residue generally reflected that of 
the original, although in a number of instances, the C/N ratio of the 
froth was slightly greater than that of the original and residue 
fractions. However, the mean froth C/N ratio was significantly higher 
than that of the original and residue only at.the P < .05 level of 
significance. If there was a fractionation between detritus and living 
particulate matter in the Narragansett Bay samples, the C/N ratios were 
insensitive to it. 
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TABLE 12 
NARRAGANSETT BAY C:N RATIOS 
(weight) 
Sample Original Residue Foam 
1 6.3 ± 1.3 5.9 ± 0.9 6.3 ± 0.5 
2 5.7 ± 0.3 5.3 ± 0.6 6.4 ± o. 5 
3 5.6 ± 0.4 5.4 ± 0.6 5.9 ± 0.3 
4 6.8 ± 1. 2 7.0 ± 0.4 6.5 ± o. 4 
5 6.6 ± 0.4 7.4 ± 0.5 6.3 ± 0.5 
6 6.5 ± 0.3 5.6 ± 0.6 7.2 ± 0.3 
7 . 5.7 ± 0.8 5.4 ± 0.9 6.5 ± 0.5 
8 6.2 ± o. 7 5.9 ± 0.5 6.5 ± 0.3 
9 6.2 ± 0.9 6.1 ± 0.7 -6.4 ± 0.2 
10 5.8 ± 0.4 6.8 ± 0.6 6.2 ± 0.8 
11 6.2 ± 1.1 6.9 ± 0.8 6.2 ± 0.3 
· 12 6.3 ± 0.7 6.0 ± 0.3 6.4 ± 0.4 
13 5.7 ± 0.9 5.5 ± 0.5 5.0 ± 0.5 
14 4.2 ± 0.8 4.2 ± 0.9 5.0 ± 0.6 
15 6. 1 ± 1. 3 5.6 ± 0.7 5.9 ± 0.9 
16 4.8 ± 0.2 4.9 ± 0.3 6.5 ± 0.3 
17 5.3 ± 0.9 5.1 ± 0.5 6.1 ± 0.6 
18 5.9 ± 0.9 5.7 ± 1.0 5.6 ± 0.3 
19 4.7 ± 0.6 4.1 ± 0.2 5.2 ± 0.2 
20 5.3 ± 0.2 5.8 ± 0.2 5.5 ± 0.3 
21 5.2 ± 0.3 5.0 ± 0.6 5.6 ± 0.3 
22 4. 3 ± 0.2 4.7 ± 0.4 5.0 ± 0.2 
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TABLE 13 
TR-137 AND TR-152 C:N RATIOS 
(weight) 
Sample Original Residue Foam 
TR-137 
1 8.5 ± 2. 1 13.0 ± 5.2 12.9 ± 1.0 
3 6. 8 ± 0.4 7.5 ± 0.8 7.3 ± 1.0 
4 7.1 ± 0.9 4.8 ± 0.9 7.9 ± 0.9 
5 5.8 ± 0.4 11. 1 ± 2.3 6.3 ± 1.0 
6 7.8 ± 1. 6 9.0 ± 2.7 7 .. 7 ± 0.6 
8 6.4 ± 0.6 7. 1 ± 1.0 6.4 ± 0.3 
TR-152 
1 5.7 ± 0.2 5.4 ± 0.3 7.3 ± 0.5 
2 5.2 ± 0.3 4.8 ± 0.2 6.7 ± 0.4 
3 5.4 ± 0.4 5.2 ± 0.3 6.2 ± 0.2 
4 5.7 ± 0.3 5.4 ± 0.4 6.7 ± 0.4 
5 5.7 ± 0.3 5.9 ± 0.6 7.3 ± 0.3 
7 8.2 ± 1.2 6.8 ± 0.7 7.9 ± 0.5 
8 6.4 ± 0.5 6.7 ± 0.9 6.5 ± 1.0 
9 7.0 ± o. 7 6. 3 ± 0.8 6.6 ± 0.1 
• 10 6.8 ± 0.7 6.2 ± 0.6 7.4 ± 0.6 
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TABLE 14 
BERMUDA C:N RATIOS 
(weight) 
Sample Original Res.idue Foam 
1 8.9 ± 0.8 8. 1 ± 2.0 9.5 ± 0.8 
2 7.0 ± 1. 3 10. 9 ± 2.3 . .. 
3 15.3 ± 6.4 14.5 ± 5.9 10.5 ± 1.4 
4 11.4 ± 3.9 10.0 ± 1.1 1.2. 5 ± 1.5 
6 10. 2 ± 2.0 8.7 ± 1. 2 12.8 ± .1.0 
7 8.9 ± 1.4 9.8 ± 1.8 12.1 ± 1.4 
8 8.2 ± 1.0 7.6 ± 2.5 12.0 ± 1. 8 
9 10. 6 ± 2.2 9.5 ± 1.6 11. 2 ± 1.3 
10 9.6 ± 1.7 8.8 ± 2.8 15.1 ± 3.3 
11 11.8 ± 1. 2 10. 7 ± 3.0 19.0 ± 3.8 
TR-137 
The C/N ratios obtained for samples collected during TR-137 were 
slightly higher than those observed in Narragansett Bay samples, 
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ranging from 5.8 to 8.5 with a m~an of 7 ± 1 for the original friction. 
It was noted that where C/N ratios were apparently anomalous (sample 1, 
(O), (R), (F); sample 5, (R); and sample 6, (R)), precisions were 
correspondingly poor, suggesting analytical error (probably contamina-
tion) as a problem .. Otherwise, no consistent trends could be observed 
between the original, residue, and froth C/N ratios. 
TR-152 
The precision of the C/N ratios were generally better in the TR-152 
samples. The mean froth.C/N ratio of.the shelf and slope-water samples 
(stations 1 - 4) was significantly higher (P < .01) than those of the 
original and residue, suggesting that for these samples some degree of 
fractionation between particle types might have occurred during the 
flotation procedure. Sargasso Sea sample C/N ratios of the original 
fraction were not significantly different (P > .05) than those of 
samples collected in more productive waters, nor was there a signifi-
cant difference between the mean C/N ratios of the froth and original 
or residue. 
Bermuda 
The Bermuda mean C/N ratio of the original fraction was signifi-
cantly higher than the corresponding mean ratios observed in the par-
ticulate matter of Narragansett Bay (P < .001), and those observed in 
samples from TR-152 (P < .001), and TR-137 (P < .05). The precision 
of the Bermuda sample C/N ratios was poorer than that observed for the 
-other sets of samples and probably reflect to some extent the smaller 
sample volumes filtered at this location. 
The observation based on the TR-137 C/N data that samples with 
C/N ratios which were anomalously high were generally associated with 
high uncertainties was also noted in the Bermuda samples. The higher 
C/N ratios could have been due to Caco
3 
contributions from the nearby 
reef areas which might have survived the acid-washing step. This how-
ever seems unlikely in view of the exposure of these samples _to the 
much lower pH than that used by Chave and Suess (1967) in their Caco
3 
dissolution studies. A more likely explanation would be the existence 
of particles whose organic C/N ratio reflected a greater preponderance 
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of relatively older and hence nitrogen-poor organic matter. While there 
was no significant differences in the mean C/N ratios between the froth 
and original or residue fractions, 7 out of the 10 samples had residue 
C/N ratios which were lower than the original's, while the corresponding 
froth C/N ratios were higher than the original, a pattern similar to 
that of the TR-152 stations north of the Gulf Stream. 
The C/N ratio data, summarized in table 15, indicated that the 
froth flotation procedure did not concentrate particles with C/N ratios 
significantly different from those of particles which could not be re-
covered in the froth. There may have been, however, an exception to 
this general conclusion observed in the TR-152 shelf and slope-water 
stations. The bulk composition of particles in seawater was otherwise 
found to have little bearing on the nature of their surface properties, 


































































































































































































































































































































may not apply.to living particles, for example, the bacteria and phyto-
plankton (Wallace et al., 1972). 
Enrichment • 
Traditionally, surface phenomena at the sea surface (sea slicks) 
have been described in terms of enrichment factors of various chemical 
substances in samples of the microlayers, or in terms of some measure-
ment of the surface pressure observed in the field (Adams, 1937; 
Sutcliffe et al., lg63; Barget et al., 1974) or in the laboratory using 
force-area diagrams (Jarvis, 1967; Jarvis et al., 1967). All of these 
techniques provide qualitative or semiquantitative measurements of the 
surfactant material present in the sea. Enrichment factors reported 
for observed microlayer concentrations referenced to measurements of. 
the same parameter in samples taken in the water column below the micro-
layer indicate little other than that the substances sampled in the 
microlayer are indeed enriched. Uncertainty in the enrichment factor, 
due to limitations in the method of measurement, range over several 
orders of magnitude (Duce et al., 1972). For example, microlayer enrich-
ments of POC observed in samples collected using the screen technique 
of Garrett (1965) at the same stations at which froth flotation experi~ 
me.nts were conducted can be compared to enrichment factors observed in 
the froth (table 16). Enrichment factors in the froth exceeded that 
observed in the microlayer by almost two orders of magnitude. However, 
since both "sampling" procedures introduce artifacts inherent in the 
method of collection, interpretation of the enrichment factors obtained 
using these techniques with respect to the chemical, physical or 
TABLE 16 
ENRICHMENT FACTORS OF POC OBSERVED IN MICROLAYER SAMPLES 
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biological forces at work in the marine environment becomes next to 
impossible. The recovery values do, however, provide a quantitative 
estimate of the material present in seawater which possess an affinity 
for the air-sea interface and can therefore be related to these environ-
mental parameters (Wallace and Wilson, 1969; Lemlich, 1972; Wallace 
et al., 1972). 
DISCUSSION 
The flotation experiments conducted using the samples of different 
origin described above provided an estimate of the fraction of the POC 
and PON suspended in surface waters which have hydrophobic surfaces and 
can therefore be transported by bubbles. The mechanisms whereby such 
hydrophobic surfaces may be produced in the marine environment have been 
discussed by Wallace et al. (1972). The modification of surface proper-
ties of particles in seawater by the adsorption of dissolved organic 
material in seawater has been discussed by Loeb and Neihof (1975). The 
biological and physicochemical processes affecting the surface proper-
ties of particles in seawater may be quite rapid (Khaylov and Finenko, 
~968; Neihof and Loeb, 1974) and may explain the limited instances dis-
cussed above in which variations in recovery could be ascrib~d to 
environmental phenomenq, specifically, the lowering of recovery values 
during periods of high production of new organic matter. Similarly, 
measurement of bulk properties such as C/N elemental ratios provide 
little information on the nature of interfacial phenomena influencing 
the distrib_ution and transport of particulate matter in. the marine en-
vironment. These measurements are, however, necessary in judging the 
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influence of inter_facial phenomena on the transport and distribution of 
mass in. the surface layers of the sea. 
Bubble transport of POC 
Bubble transport in marine waters may be of substantial importance 
in the formation and maintenance of the POC and PON enriched surface 
microlayer. Wallace and Duce (1975) estimated a POC bubble-transport 
-2 -2 -1 rate of 4.4 x 10 µg Cm sec for open-ocean surface waters. This 
was based upon observed transport rates in flotation experiments using 
Narragansett Bay water and extrapolation of that data to open-ocean 
conditions. Using the same basic procedures, the data obtained from the 
flotation experiments reported here were u~ed to calculate POC transport 
rates for Narragan~ett Bay, shelf and slope waters, the Sargasso Sea, 
and coastal Bermuda waters. Correction factors for bubble size and 
surface area were made as described by Wallace and Duce (1975). No cor-
rection for POC concentration was necessary as this was a measured 
parameter rather than the estimated.one of Wallace and Duce (1975). The 
results of these calculations are given in table 17. 
POC transport rates were highest for Narragansett Bay and lowest 
for the Sargasso Sea as was expected on the basis of the observed dif-
ferences in POC concentration but similarities in recovery values. The 
Sargas~o Sea POC bubble-transport rate can be ~ompared to that estimated 
by Wallace and Duce (1975) for open-ocean bubble transport. Their esti-
-2 -1 -2 -1 mated flux of 0.04 µg Cm sec was 20% of that (0.2 µg Cm. sec ) 
given in table 17. The discrepancy between the two estimates was largely 
due to a projected reductiort in flux from Narragansett Bay to an open-
TABLE 17 
BUBBLE TRANSPORT OF POC AND TIME REQUIRED TO PRODUCE 
POC EF = 10 IN MICROLAYER 
Area 
Narragansett Bay 



















ocean environment of 2 orders of magnitude. A one order of magnitude 
reduction in the flux rate was attributed to an expected similar order 
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of magnitude decrease in P0C concentration between Narragansett Bay and 
open-ocean waters. This wa~ observed. The additional order of magni-
tude decrease in P0C bubble flu~ was expected on the basis of an 
assumed order of magnitude decrease in the efficiency of the bubble 
column at the lower P0C concentration. This latter order of magnitude 
decrease was apparently an over estimate in view of the flotation 
experiment results using Sargasso Sea water, in which the order of 
magnitude decrease in P0C concentration did not result in a corresponding 
order of magnitude decrease in the flotation efficiency. 
The role of bubble transport in the formation of the microlayer 
The time required to generate P0C microlayer enrJchmerit factors of 
10 (Williams, 1967; Nishizawa, 1971) can be calculated. Assuming a 
microlayer thickness of 370 µm to be sampled by the screen technique 
of Garrett (1965) (Hatcher and Parker, 1974), the total weight of 
P0C m-2 in the microlayer can be estimated assuming microlayer sub-
surface concentrations to be the mean concentrations observed in each of 
the four regions described above (table 2). The time required for 
bubbles under average oceanic conditions to transport this weight of 
P0C to the microlayer for each area is given in table 17 .. There is no 
~ignificant variation in this parameter from Narragansett Bay to the 
Sargasso Sea. These calculations suggest that bubbles may be efficient 
producers of observed microlayer enrichment factors for P0C. The data 
in table 17 also indicate that bubble generated microlayer enrichments 
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of similar magnitude can be produced with equal probability in Narragansett 
Bay and in the Sargasso Sea, all other factors being equal. 
There is, however, a distinct conceptual proble~ in this conclusion. 
Scott (1972) has shown insoluble monolayers to be mixed down into the 
bulk water at wind speeds> 6 m sec- 1, the velocity at which whitecaps 
just begin to form. However, Tsyban (1971) has observed bacteria to be 
enriched in the surface microlayer even during stormy weather indicating 
that bubble transport of POC (in this case, in the form of bacteria) 
may be more efficient than its removal by downward turbulent diffusion 
under h~gh wind conditions. Further work is needed. to clarify the 
relative importances of these two opposing processes. 
Particle formation 
Whether or not bubble-induced formation of particulate material from 
dissolved organic material in seawater can occur has been a subject of 
great interest and, unfortunately, much controversy. The importance of 
this phenomena lies primarily in the possible inclusion of the dissolved 
pool of organic matter in the food resources of organisms requiring 
particulate forms of food. Simple calculation shows that if any par-
ticle formation were to occur during the flotation experiments, the 
budget values should have reflected it. For example, if one adopts 
Sharp's (1973) suggestion that the POC measured in seawater using filters 
of the type used in this work consists of only 1% of the total organic 
carbon in seawater~ a 1% conversion of dissolved organic carbon to par-
ticulate organic carbon during the flotation experiments would result in 
a budget value of 200%. In fact, budget values were generally not 
significantly different from 100% indicating that particle formation, 
if it occurred at all, was negligible. This observation was in agree-
ment with that of Batoosingh et al. (1969) for unfiltered samples. 
This apparent inability to convert dissolved organic matter to 
particulate matter in the presence of pre-existing particulate mattei 
197 
is somewhat puzzling. Perhaps the explanation lies in the consideration 
of the kinetics of the phenomena. The argument was made above that the 
existence of hydrophobic surfaces on particles in the marine environment 
was the result of a variety of dynamic processes and, therefore, was a 
function of the relative rates of the processes creating or destroying 
the hydrophobic surfaces. If changes in the availability of surface 
area suitable for adsorption of dissol.ved surfactants in seawater are 
slow with respect to the kinetics with which adsorptive equilibrium is 
achieved, observations of systems in non-equilibrium states with respect 
to adsorptive phenomena become less probable. If this interpretation 
i.s adopted, the flotation experiments described above were observations 
of systems at, or quite close to equilibrium and no significant dis-
turbance of this equilibrium was observed to occur over the time scale 
of the experiments. It also becomes quite obvious that observations of 
.this kind, which may occur "after the fact" so to speak, do not neces-• 
sarily argue against the possibility of the conversion of dissolved 
organic carbon to particulate organic carbon. It may simply be that 
the time scale of this conversion process is of a magnitude much shorter 
than the frequency of observations were capable of defining. Cer-
tainly the results presented here and those of Loeb and Niehof (1975) 
and Wallace and Duce· (1975, 1976a) argue that adsorption phenomena in 
the marine environment may indeed be of this nature. 
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The problem then remaining becomes that of explaining the produc-
tion of particulate matter from filtered samples observed by Riley (1963), 
Sutcliffe et al. (1963), Riley et al. (1964, 1965), Barber (1966), 
Batoosingh et al. (1969), and Riley (1970) and the apparent ability of 
these particles to "inhibit" further particle production. Particle for-· 
mation during foaming of a variety of surfactant organics has been along 
recognized phenomena in the foam separation literature. The surface 
denaturation of proteins leading to their precipitation is, for example, 
a well known problem in the use of foam separation to isolate and purify 
enzymes (Charm et al., 1966). Similar observations of particle produc-
tion have been made with respect to the foaming behavior of proteins 
in seawater prepared by ultrafiltration through Amicon UM-10 membranes 
(Wallace and Wilson, 1969). These membranes are designed to exclude 
compounds with a molecular weight greater than 10,000. Particle pro-
duction was observed to be independent of the prior existence of "seed" 
particles, a result in conflict with the conclusions of Batoosinghet al. 
(1969). The production of particulate matter from dissolved surfactants 
.in seawater via interfacial adsorption does not seem, therefore, to be 
a particularly appropriate question to ask. Rather the question should 
be whether the species and concentrations of organic moleculesnecessary 
for particle formation exist iri a given sample. For example, Corner 
et al. (1974) were not able to produce particulate matter from filtered 
natural seawater samples until the soluble organics derived from the 
homogenization of log-phase phytoplankton cells were added. Large 
amounts of ·particulate matter were then produced. These results are 
consistent with the hypbthesis presented earlier, the addition of the 
homogenized cell extract representing a substantial perturbation of a 
system at or near equilibrium. If this hypothesis is correct, the 
observance of particle production· by bubbling in filtered seawater may 
indicate the sampling of seawater in which the equilibrium state was 
being, or had been recently, altered. 
The observations, referred to earlier, of particle "inhibition" 
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of aggregate formation seems the most difficult to explain. Since the. 
bubble-produced particles are considered to be non-living, their inter-
action with the environment must be physicochemical. Possibly the 
"inhibitory" nature of particulate matter represents a point at which 
the initial system, altered from what may have been a state of equi-
librium by the process of filtration, has returned to equilibrium con-
ditions. Thus, particle production would occur until the rate of 
dissolution or disaggregation of the newly formed particulate matter 
approximated that of particle production. Particle producticin would 
occur at the air-water interface while dissolution and/or disaggrega-
tion would most likely occur in the .bulk phase. Continued removal of 
the particulate matter would therefore result in the continued produc-
tion of particulate matter provided that the supply of surfactant organic 
carbon was not exhausted and was of an appropriate type suitable for 
conversion to particulate form. This concept could be tested by 
observing the stability of the newly produced particles over a period 
of t_ime after termination of bubbling activity. 
A further complication arises when one considers the possibility 
of solubilization phenomena. Wallace and Wilson (1969, unpublished 
results) found that bovine serum albumin could not be precipitated with 
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5% trichloracetic acid from solutions containing dissolved high molecular 
weight organic material which had been isolated by a combination of foam 
separation and ultrafiltration techniques~ This observation was pre-
sumed to be due to stable micelle formation. Boehm and Quinn (1973) 
have noted similar phenomena with respect to hydrocarbon solubilization 
in seawater by dissolved surface-active substances isolated from a 
variety of sources. These results indicated that the foam separation 
process may be capable of both particle production and solubilization, 
the balance between the two being some complex function of the nature 
and concentration of the various organic species in a given sample. It 
is clear that a complete definition of the particle production mechanism 
and the extent to which this process is significant in the marine environ-
ment remains a difficult problem. 
An alternative explanation for many of the unexplained phenomena 
discussed above may be contamination. Contamination has long been a 
problem in surface chemistry and the study of interfacial phenomena 
affecting environmental processes. The reader is referred to the com-
• ments of MacIntyre (1974b) on this matter. 
Particle aggregation 
.In all of the 47 flotation experiments described above, aggregation 
of the particles originally present to form large macroscopi.c particles 
(> 1 mm) was observed. These aggregates were abundant and tended either 
to remain at the surface of the collecting vessel or rapidly settle to 
the bottom. On rare occasions their affinity for the walls of the side-
arm of the foam column made their quantitative removal and collection. 
difficult and this difficulty was reflected in the budget values for 
those runs. Furthermore, these aggregates could not be broken up even 
with the most vigorous shaking. 
The formation of such aggregates and the corresponding chang~ in 
the size distribution of particulate matter may be of considerable 
importance in its affects on the avi1ability of particles to filter 
feeders in the marine biosphere. Similarly, this aggregation process 
may be of considerable geochemical importance. McCave (1975) and 
Tsunogai et al. (1974) have recently shown that the flux of large 
particles out of the mixed layer constituted the bulk of the mass 
'transport to depth. Bubble-induced production of these aggregates 
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such as was observed in the flotation experiments may provide an 
efficient means of incorporating small particles into larger more 
rapidly sinking ones, thus accelerating their removal from the mixed 
layer. Since particulate matter in seawater may be substantially 
enriched in known marine pollutants, such as heavy metals (Goldberg, 
1957) and pesticides (Pierce et al., 1974), the process of particle 
aggregation may provide -an important mechanism for either the rapid 
removal of these substances from the mixed layer by enhanced gravita-
tional settling or, on the other hand, potentially rapid introduction 
of these pollutants into higher trophic levels of the marine community. 
It is interesting in this respect to compare the flux of POC to 
· -2 -1 
deep water of 3.6 g Cm yr estimated by Wallace and Duce (1976a) 
to occur in the Sargasso Sea with the estimated upward bubble flux of 
POC to the sea-air interface where aggregates may form. Bubble trans-
port of POC for Sargasso Sea surface waters was estimated earlier to 




yr The two estimates are in remarkable agreement 
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considering the independent nature of each and suggest that bubble 
induced aggregation ~f POC to form large particles cannot be ruled out 
as a mechanism contributing to the removal of POC from the mixed layer. 
It still must be demonstrated, however, that wave-induced formation of 
bubbles in the ocean is of sufficient magnitude to produce aggregation 
of particles at an environmentally significant .rate. 
CONCLUSIONS 
A substantial fraction of the particulate organic matter in 
surface seawater was found to.have hydrophobic surfaces and therefore 
could be concentrated and recovered by an adsorptive bubble separation 
technique. This fraction was £ound to range from 15 to 69% 6f that 
originally present in the samples, and some of this variation could 
be attributed to the biological production of organic matter with 
hydrophylic surfaces. 
The C/N ratios of the particulate matter recovered in the froth 
were, in most cases, not significantly different from that originally 
present or that remaining in the residue. Substrate composition of 
the particles was therefore probably unimportant in governing the 
surface properties of the particulate matter. 
Transport of POC to the sea-air inte~face by bubbles was estimated 
to be a factor of five greater than the 9riginal estimate of Wallace 
and Duce (1975). This was believed to be a result of the greater 
than expected efficiency of the flotation procedure at the low ambient 
POC levels of Sarga~so Sea surface water. The estimated flux of 
-2 -1 
0.2 µg Cm sec was calculated to be capable of establishing a 
POC microlayer enrichment factor of 10 in approximately 10 min under 
average open-ocean conditions. Microlayer enrichment factors of this 
magnitude for POC could be generated at approximately the.same rate 
in Bermuda coastal waters, Northwest Atlantic shelf and slope waters, 
and in Narragansett Bay. 
POC and PON budgets calculated for all of the flo'tation experi-
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ments indicated that there was little or no conversion of dissolved 
organic carbon to POC in these expe.riments. A consideration of kinetic 
problems was directed towards producing a tentative understanding of 
some of the variable observatiorts made of this phenomena and emphasized 
some of the fundamental problems in observing interfacial phenomena. 
Substantial aggregation of particles was observed to occur during the 
flotation experiments and may be an important example of how inter-
facial phenomena produce rapid and potentially environmentally signifi-
cant changes in the marine environment. 
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CONSIDERATION OF PARTICULATE TRACE METALS iN SEAWATER 
AS A SOURCE OF TRACE METALS IN 
THE MARINE ATMOSPHERE 
-
ABSTRACT 
The similarity of particulate trace metal concentrations relative 
to· Al in Sargasso Sea surface water and in marine aerosols, and the 
ability of bubbles to transport and eject particulate matter from sea-· 
water into the air, suggested that the particulate trace metals . (PTI1) 
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in surface seawater might be a natural source of the anomalously 
enriched PTM in marine air. This possibility was assessed by comparing 
PTM/C ritios in Sargasso Sea surface water particul~te matter with 
PTM/C ratios of marine air. On this basis, bubble transported PTM in 
the Sargasso Sea were judged to be an unlikely source of anomalously 
enriched atmospheric trace metals. Surfactant macromolecules with 
known metal-binding capabilities such as glycoproteins may represent 
potential sources 6f trace metals to the marine atmosphere. 
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INTRO DUCT ION 
The recent data of Duce et al. (1976) for p~rticulate trace metals 
(PTM) in the marine atmosphere and that of Wallace and Duce (1976a) for 
PTM in Sargasso Sea surface water showed that the concentrations of PTM 
relative to that of Al was similar in suspended matter in seawater and 
in the atmosphere. The similar enrichment factor (EF in eq. 1) Gf these 
EF = 




trace metals in both environmental regimes prompted an exploration of 
the possibility that introduction of PTM of marine origin into the 
atmosphere by the action of breaking bubbles (Duce and Hoffman, 1976) 
might produce the observed enrichments of the so-called anomalously 
enriched elements in marine air. 
There are numer?us reports of marine organisms in marine air. 
Zobell and Mathews (1936) observed marine bacteria to be present in 
the atmosphere sampled in coastal regions. Schlichting (1961), Stevenson 
and Collier (1962), Maynard (1968), and Aubert (1974) have also noted 
the presence of marine microorganisms in the atmosphere. Sutcliffe 
et al. (1963), Blanchard and Syzdek (1970, 1972, 1974), Bezdek and 
Carlucci (1972), and Carlucci and Bezdek (1972) have shown that bubble 
breaking may eject microorganisms into the air. There is therefore 
little doubt as to the ability of rising and breaking bubbles to intro-
duce oceanic particulate matter into marine air. The magnitude of this 
input and whether it.is large enough to propuce the observed anomalously-
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enriched trace metal concentrations in the marine atmosphere is unknown. 
The recent estimate of an open-ocean bubble transport rate of·PTM of 
Wallace and Duce (1976b), the results of recent laboratory studies of 
organic carbon transport ftom the ocean to the atmosphere reported by 
Hoffman and Duce (1976), and measurements of the organic carbon content 
of marine air collected in Bermuda by Hoffman and Duce (1974) and 
reported in this work allowed a preliminary assessment of the magnitude 
of this potential source to be made. 
METHODS 
Duplicate samples of marine air were collected simultaneously in 
Bermuda from May through October, 1974 for non-volatile carbon and 
nitrogen analysis using the tower facilities described by Duce et al. 
(1976). Collections were made in duplicate on 42 nirn diameter Reeve 
Angel 984H precombusted glass fiber filters mounted in open-face Al 
fi+ter holders. Based on measurements of the retention efficiency of 
similar glass fiber filters, the filters used.in this work were expected 
to have efficiencies of> 98% for particles> 0.03 µmin diameter 
(Butcher and Charlson, 1972). Air volumes of 25 - 231 m3 were filtered 
over time periods ranging from 2 - 11 days. Most of the samples were 
collected using the automatic control devices described by Duce et al. 
(1974). This system was designed to sample air only when the wind 
direction, wind.speed, and condensation nucleii counts were within 
preset ranges. These ranges were designed to discriminate against 
collecting .aerosols of non-marine origin, thus reducing the possibility 
of local contamination. Some samples were collected in a manual mode 
however. Filter blanks were treated exactly as the sample filters 
except that no air was passed through them. 
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Samples were analysed by cutting off the outside edge of the filter 
which was covered by the filter holder and then cutting each filter in 
half. Each half was then analysed separately using a Hewlett Packard 
model 185B CHN analyser. Concentrations of C and N were calculated by 
summing the weight of each element on both halves of each of the dupli-
cate filters and then calculating the mean of the duplicates. The mean 
-1 
and standard deviation of 22 filter blanks was 4.5 ± 1.0 µg filter 
-1 ' 
for carbon and 0.31 ± 0.13 µg filter for nitrogen. 
RESULTS 
Carbon and nitrogen concentrations and respective C/N ratios are 
given in table 1. The carbon concentrations determined using the CHN 
analyser were in good agreement with those determined by Hoffman and 
Duce (1974), which were analysed using the ~et oxidation procedure of 
Menzel and Vaccaro (1964), thus confirming the low C content of Bermuda 
air. Precision of the results was rather poor for some of the low 
. volume samples which were close to the blank values. Samples 10 - 13 
were all collected in a manual mode and were distinctly gray in 
color and had higher carbon values. Sample 13, however, was not 
significantly different in concentration from the remaining samples. 
However only those samples collected in an automatic mode were used 
in the calculation of the means in table 1. 
-3 
Nitrogen concentrations were low, ranging from..::_ 7 - 63 ng m 
-3 The mean concentration was 20 ± 11 ng m excluding manual mode samples. 
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TABLE 1 
ATMOSPHERIC AR.BON AND NITROGEN 
Sample Carbon Nitrogen C/N Collection Mode 
. -3 
(ng m ) -3 (ng m ) (weight) 
1 87 ± 49 40 ± 11 2.0 ± Q.8 automatic 
2 96 ± 16 20 ± 4 4.9 ± 0.6 automatic 
3 84 ± 30 20 ± 11 4.3 ± 0.7 automatic/manual 
4 159 ± 49 17 ± 4 10 ± 5 automatic 
5 102 ± 57 9 ± 5 11 ± 7 automatic 
6 87 ± 33 * 9 ± 7 10 ± 8 automati.c 
7 56 ± 28 < 7 >8 automatic. 
8 61 ± 28 13 ± 6* 5.5 ± 3.4 automatic 
9 126 ± 74 34 ± 14 * 5.2 ± 3.4 automatic 
10 206 ± 16 32 ± 8 6.5· ± 1.7 manual 
11 670 ± 140 40 j_ 8 17 ± 5 man.ual 
12 338 ± 22 63 ± 7 ' 5.4 ± 0.7 manual. 
13 144 ± 25 22 ± 6 6.8 ± 2.2 manual 
Mean** 95 ± 32 20 ± 11 6.6 ± 3.2 
*Single filter only 
**Excluding manually collected samples 
C/N ratios ranged from 2.0 to 17 by weight with a mean value of 
6.6 ± 3.2 observed for samples collected in an automatic mode. No 
significant trends in this parameter were observed for this small 
data set, although it was interesting to note that the mean ratio was 
within the range (3 - 15) of C/N ratios observed in marine waters 
reviewed by Riley (197.0). 
DISCUSSION 
The estimated bubble transport of PTM in Sargasso Sea surface 
water of Wallace and Duce (1976b), the similarity in the trace metal 
composition of particulate matter in surface seawater and in marine 
air, and the experimental work discussed earlier which demonstrated 
the ejection of particulate matter into the air by breaking bubbles, 
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all suggested that the sea might be a source of the anomalously enriched 
heavy metals in the marine atmosphere. This would require that the 
sea to air transport of particulate matter be of a relatively high 
efficiency and the estimate of bubble transport was relatively accurate. 
The ejection efficiency of bacteria transported by individual bubbles 
was reported to range from 14 to 85% (Blanchard and Syzdek, 1974). 
Therefore, it does not seem unreasonable to postulate that some of 
the particulate matter transported to the surface on rising bubbles, 
if of appropriate size, may be ejected into the atmosphere. 
The data of Hoffman and Duce (1976), however, suggest that the 
transfer of particulate matter from the marine to atmospheric environ-
ment may not be significant. C/Na ratios of marine aerosols generated 
in·the laboratory from filtered and unfiltered Narragansett Bay water 
were not significantly different, suggesting that the bubble ejection 
efficiency of particulate matter into the atmosphere may be quite low. 
Consideration of the PTM in seawater as a source of atmospheric 
PTM may be examined in another way. If the PTM transported by bubbles 
are in some way associaied with P0C, as was s~ggested by the data of 
Wallace and Duce (1975), then the PTM/carbon ratios of the bubble 
transported material should be similar to that ejected into the atmos-
phere. The PTM/C ratios in particulate matter from Sargasso Sea 
surface waters observed by Wallace and Puce (1976a) are given in 
table 2. PTM/C ratios in marine air were calculated using mean PTM 
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concentrations reported for marine air sampled in Bermuda by Duce et al. 
(1976) and the mean C concentration of -3 95 ng rn reported in table l. 
The results of these calculationi are also given in table 2. Corn~ 
parison of the two PTM/C ratios result in the conclusion that PTM/C 
ratios in particles> 0.4 µrn, the size fraction of particles analysed 
by Wallace and Duce (1976a) in the surface waters of the Sargasso Sea, 
were too low to represent a significant source of marine aerosol PTM. 
The data in table 2 and that of Hoffman and Duce (1976) discussed 
earlier both suggest that the probability of significant amounts of 
bubble transported particulate matter> 0.4 µrn being ejected into the 
marine atmosphere may be quite low. 
Can organic matter in seawater be ruled out as a source of atrnos-
pheric trace metals in general? Preliminary flotation experiments 
using the technique described by Wallace and Wilson (1969) with coastal 
seawater samples indicated that 5 - 20% of the total carbon in seawater 
can be considered surface active and therefore can be transported by 
TABLE 2 
PTM/C RATIOS IN BERMUDA IR AND IN 
SARGASSO SEA SURFACE WATER • 
Metal Sargasso Bermuda PTM/C . 
Sea Air Bermuda air PTM/C • 
-1 -1 • Sargasso Sea (µg g ) (µg g ) 
Al 3400 1.4 X 106 410 
Fe 2500 1.0 X 106 400 
Mn 70 1.6 X 104 230 
Ni < 20 8.4 X 102 42 
Cr 120 1.0 X 104 83 
Cu 90 1.0 X 104 110 
Zn 100 2.6 X 104 260 
Pb 60 3.6 X 104 600 
Cd 2 2.1 X 103 1000 
bubbles to the air-sea interface. Sharp (1973) has shown .particulate 
carbon> 0.45 ]Jm diameter constitutes only 1% of the total carbon in 
seawater. Bubble transport of 5% of the total organic carbon in sea-
water to the air.-sea interface would result in a C flux of ~ 10 times 
that estimated by Wallace and Duce (1976c) for POC. Consequently it 
can be shown that there may be a more than ample supply of carbon 
< 0.45 ]Jm in diameter available for introduction into the atmosphere. 
-1 An atmospheric deposition velocity of about 1 cm sec for sea 
salt from marine air can be calculated from the data of Blanchard 
(1963). Assuming a similar deposition velocity for particulate carbon 
-3 in marine air and a carbon concentration of 95 ng m , an atmospheric 
-2 -1 deposition rate of~ 1 ng m sec down to the air-sea interface can 
be calculated. If the carbon in the Bermuda atmosphere is of marine 
origin and steady state conditions exist, a similar flux of carbon 
from the sea surface to the atmosphere must exist. This required flux 
of ~ 1 ng m-2 sec -l was ~ 200 times lower than the estimated bubb.le 
transport of POC for the Sargasso Sea (Wallace and Duce, 1976c) and 
therefore at least a factor of~ 2000 lower than that expected 1f 
surface-active carbon in seawater is considered to be 5% of the total 
C. Therefore the transfer efficiency. of organic carbon from bubble 
to air at the sea-air interface need only be a percent or less.to 
account for the carbon observed in marine air. If these estimates 
are co.rrect, we have much to learn about bubble breaking processes in 
the sea in view of Blanchard and Syzdek's (1974) observed transfer 
efficiencies for bacteria and the low C concentration in marine air. 
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Independent of these flux considerations, however, is the fact 
that if dissolved organic matter in the sea is to be considered the 
sourc~ of trace metals in the atmo~phere, it must have trace metal/ 
carbon ratios similar to those observed in marine air as was discussed 
earlier. In addition this dissolved organic matter must be surface 
active. 4 -1 For example, the Cu/C ratio must be~ 1 x 10 µg Cu g C 
(table 2). Pillai et al. (1971) report Cu concentration in humic 
3 -1 substances isolated from marine sediments of 1 x 10 µg g which, 
assuming C to be 50% of humic material and no alteration of the Cu/C 
ratio occurred throughout the isolation procedure, results in a Cu/C 
ratio of 2 x 103 . This value is still almost an order of magnitude 
lower than required when compared to the Cu/C ratios calculated for 
the marine aerosol sampled in Bermuda. 
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However, there may be dissolved organic matter in seawater which 
may eventually be shown to.possess the necessary properties of surface 
activity and high affinity for metals. Glycoproteins may be a potential 
source of this type. They have been suggested as a likely constituent 
of the surface micro layer· (Baier et al., 197 4) and are known con-
stituents of the cell walls of marine organisms. It has been suggested 
that the ability of marine organisms to adsorb trace metals may be due 
to cell wali glycoproteins (Riley and Chester, 1971). The combined 
properties of surface activity and metal binding, therefore, make 
glycoproteins extremely attractive candidates as potentially important 
mobilizing agents of trace metals which are influenced by interfacial 
phenomena.• Therefore these substances could possibly be involved in 
the production of the anomalously high enrichments of PTM in the 
atmosphere. 
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Chemical composition of particulate matter 
Organic carbon and nitrogen 
Carbon and nitrogen concentrations in Narragansett Bay were high 
and variable. Contributions of. particulate organic carbon from 
• biolog1.cal activity and resuspension of bottom sediments were believed 
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to be the major cause of these variations. The time scale of these 
variations were believed to be on the order of days and perhaps hours. 
Due to the complex interaction between biological activity, resuspension 
of sediments, and the dynamic physical oceanographic processes occurring 
in the bay, it was difficult to determine cause and effect relation~hips 
between environmental parameters and observations of particulate matter 
on the time scale of observations reported in this work. A much more 
intensive sampling program was, in retrospect, considered necessary to 
achieve this goal. Carbon/nitrogeri ratios in Narraga~sett Bay were 
found to vary over the course of the 19-month sampling period and dif-
ferences in this ratio from that of the Redfield ratio of 5. 7 (weight) 
were found to be small but not insignificant. The mean of all sample 
C/N ratios was identical to the Redfield ratio. 
Particulate organic carbon (POC) and nitrogen (PON) were predictably 
lower but variable in continental shelf ~nd slope waters. Sargasso Sea 
POC and PON concentrations were substantially lower and much less 
variable than observed in surface samples taken from more productive 
waters. Bermuda coastal samples were in turn higher and more variable 
than those of the Sargasso Sea surface samples. 
C/N ratios of the Bermuda samples were significantly higher than 
observed in samples collected from open-ocean stations. The C/N ratios 
of particulate matter in open-ocean samples, including those from 
oligotrophic surface waters, were close to the Redfield ratio. 
Particulate trace metals 
Particulate trace metal (PTM) concentrations in Narragansett Bay 
were higher than those observed for open-ocean waters and were observed 
to vary substantially. Res_uspension of sediments was probably the 
cause of much of this variation although biological activity probably 
exerted some influence as well. 
Open-ocean PTM concentrations were found to be more sensitive to 
the biological input of organic matter. Detailed examination of the 
chemical composition of the particulate matter in nine oceanic surface 
water samples collected during R/V TRIDENT cruise TR-152 between 
Narragansett, Rhode Island and Bermuda led to the conclusion that, at 
least for oceanic surface waters, particulate organic matter was of 
more importance in the control of _particulate Cu, Zn, Pb, Cd, and 
possiblyNi and Cr concentrations than suspended aluminosilicates. 
The concentrations of PTM in the TR-152 Sargasso Sea surface 
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samples were the lowest or among the lowest reported for open-ocean 
waters in the literature. These low concentrations were not anticipated 
in the earlier TR-137 cruise between Bermuda and Narragansett, Rhode 
Island and the precision of the results for PTM concentrations 
determined for samples collected during this cruise reflected this 
fact. However, these data were useful in an order of magnitude sense, 
if only to aid in the preparation for a second attempt, largely suc-
cessful, to determine these low PTM concentrations with reasonable 
precision. 
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The concentrations of PTM in the Bermuda samples were higher than 
those found later in samples from the Sargasso Sea taken during TR-152, 
perhaps due to the proximity of the point of collection of these samples 
to the island itself or due to contamination. The latter was obviously 
the c·ase for Zn in these samples. The concentrations found in. the 
Bermuda samples were, nevertheless, generally quite low and further 




The flotation experiments conducted using surface samples from 
estuarine and open-ocean marine environments demonstrated that a sub-
stantial fraction of the particulate organic ma·tter and an even _greater 
proportion of particulate trace metals in these samples could be 
transported by bubbles. The latter observation implied that the bubble 
transported particulate matter was enriched in trace metals with respect 
to particulate matter not transported by bubbles. The Narragansett Bay 
studies revealed that the fraction recovered by this technique was 
sensitive to the introduction of new particulate organic matter, the 
recently produced organic carbon not being as floatable as the older 
particulate organic matter in the samples. This phenomena was also 
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observed in at least one instance to occur in open-ocean samples. The 
fact that particulate organic carbon and particulate trace metals were 
significantly correlated in Narragansett Bay particulate matter recovered 
by the flotation procedure suggested, but did not definitively demon-
strate, some form of relationship between the two. This observation 
was in part supported by the observations made of the variation of PTM 
with POC in the open-ocean stations discussed above. 
In general, the recovery values for POC, PON, and PTM in open~ocean 
samples were similar to those observed in Narragansett Bay samples. 
Therefore recovery values were concluded not to be a function of POC 
toncentration. Furthermore, recovery values were found to be generally 
independent of the bulk C/N ratio of the particulate matter although 
recoveri of particulate matter with C/N ratios significantly higher 
than that of the particulate matter originally present was observed in 
the shelf and slope-water' samples collected during TR-152. Despite 
substantial PTM contamination problems with the open-ocean samples, the 
recovery data indicated that a majority of the open-ocean PTM could be 
transported by bubbles. 
Budgets 
Budget values for POC and PON were not significantly different 
from 100% and indicated that essentially no dissolved organic matter 
was converted to particulate organic matter even under conditions of 
foam reflux, which should have maximized the probability of such a 
process. However, large macroscopic particles were formed in the froth 
produced. in all of the samples even in the absence of foam reflux. This 
observation suggested that bubble transport in seawater could produce 
an accelerated sinking of particulate matter by increasing the mean 
size of the particles present in surface waters. 
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Budget values for PTM were often in excess of 100% indicating that 
contamination occurred, particularly in the Sargasso Sea flotation 
experiments. Where this was the case, the recovery was calculated by 
determining the decrease in PTM concentration in the residue after 
flotation. These values were considered minimum estimates. 
Bubble transport 
The limited data available in the literature for the bubble 
population created by breaking waves in seawater was used to estimate 
the bubble population of surface seawater under average open-ocean 
conditions. The flotation experiment results were then extrapolated 
to these conditions and used to calculate a crude circler of magnitude 
estimate of the bubble transport of POC and PTM in open-ocean surface 
waters. An initial attempt was made in this respect using only the 
results of the Narragansett Bay flotation experiments. Later, when 
the results of the qpen-oceari flotation experiment~ became availabl~, 
this estimate was refined by substituting observed parameters for 
ones assumed .in the initial estimate .. The observations.based on the 
original estimate were supported. Inconsistencies in the original 
estimate were eliminated in the improved estimate. This estimate 
indicated that bubble transport of POC was capable of establishing 
observed concentrations of POC in the surface microlayer in a matter 
of minutes under average open-ocean conditions. 
Atmospheric fluxes of trace metals to the surface microlayer, 
calculated using atmospheric trace metal concentrations observed in 
Bermuda air; were also estimat.ed. The estimates of the .upward 
bubble-transport flux of PTM and the downward atmospheric deposition 
flux of trace metals to the sea-air interface, were compared for each 
metal. The ratio of atmospheric and bubble-transport fluxes for each 
metal vler.e of the same. order of magnitude and consequently of approxi-
mately equal importance in contributing trace metals to the surface 
microlayer. This order of magnitude similarity in flux ratios was 
observed even though the absolute fluxes of these metals varied over 
three orders of magnitude. Trace metals anomalously enriched in the. 
atmosphere were similarly enriched in surface seawater particulate 
matter. 
Atmospheric contributions of PTM to the Sargasso Sea mixed layer 
A simplistic vertical flux model was constructed to examine the 
influence and fate of atmospherically deposited trace metals in the 
Sargasso Sea mixed layer. The estimated flux of .trace metals intro-
duced into the mixed layer from the atmosphere was similar to that 
estimated for removal of particulate trace metals from the mixed layer. 
by sinking into deep water in association with POC. Since the bubble 
transport of PTM was similar in magnitude to both these fluxes, it was 
thought that bubble induced aggregation might be of importance in the 
rapid removal of atmosphericaily introduced insoluble trace metals. 
Calculated residence times for particulate Al, Fe, and Mn in the 
Sargasso Sea mixed layer, based on the concentrations observed in the 
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Sargasso Sea surface samples and the atmospheric fluxes of these metals, 
were less than a year. It was concluded that the atmosphere was the 
primary source of these particulate metals in the Sargasso Sea mixed 
layer. The fate of other trace metals introduced into the Sargasso 
Sea from the atmosphere was considered to be a function of.their chemical 
speciation in the atmospheric particles and their subsequent solubility 
in seawater. 
Finally, the possibility that bubble transported oceanic PTM might 
represent a source of the anomalously enriched atmospheric trace metals 
was considered. While the estimated bubble transport flux of PTM to 
the sea~air interface was of sufficient magnitude to potentially supply 
the atmospheric trace metals, trace metal/organic carbon ratios in 
Bermuda air were much too high to consider bubble transported PTM. as 
a source of these atmospheric trace metals. Atmospheric PTM/C ratios 
indicated that if the sea were to·be considered a source of the 
anomalously enriched trace metal concentrations in marine air, there 
must be dissolved surface active substances in seawater capable of 
binding substantial quantities of the~~ metals. 
• APPENDIX A 
FILTER WASHING, A SIMPLE MEANS OF REDUCING BLANK VALUES AND 
VARIABILITY IN TRACE METAL ENVIRONMENTAL SAMPLES 
ABSTRACT 
Acid-washing Whatman 41 or .0.4 µm pore size Nuclepore filters 
resulted in substantial reduction of the tra~e metal contents and 
variability in both types of filters for most of the metals examined. 
No changes in the air-flow rate or retention properties of the 
Whatman 41 filters were observed to occur as a result of this pro-
cedure. The advantages of the lower trace metal blank concentrations 
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• and uncertainties resulting from this procedure.were discussed with 
reference to the collection of.extremely low level trace metal environ-
mental samples. 
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A critical factor in obtaining high quality _samples of particulate 
trace metals present at very low levels in atmospheric and aq~eous en-
vironmental samples is the ability to produce favorable sample to blank 
ratios. This can be accomplished by either increasing sample size, 
reducing trace metal blank values and variability, or both. Whatman 41 
and 0.4 µm pore size Nuclepore filters are two types of filters used 
routinely for the collection of particulate matter from both the atmos-
pheric and aqueous environment. The feasibility of reducing the blank 
trace metal content of these filters by a simple acid-washing technique 
has been examined. 
EXPERIMENTAL 
Whatman 41 Filters 
Sub~samples of five 20 x 25 cm sheets of Whatman 41 filter paper 
taken from a freshly opened package were obtained by cutting each filter 
into 8 equal portions using a corrosion-free pair of stainless steel 
scissors .. All manipulations of samples were performed in a laminar-flow 
clean bench wherever possible to avoid contamination. Duplicate sub-
samples from each of the five filters were soaked in either 2 M reagent 
grade HCl or in an equivolume mixture of 1 M quartz-distilled HN0
3 
and 
1 M Suprapu1®HF for 15 - 20 h in closed polyethylene containers. 
Agitation of the containers was limited to an occasional swirling of 
the contents so as to not mechanically damage the filters. Filter 
rinsing was accomplished by soaking the filters in deionized H20 for 
several 2 - 3 h periods until the pH .of the rinse H2o showed no change. 
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The filters were dried in a clean bench for 1 - 2 hand then immediately 
stored in clean plastic containers until analysed. 
Analysis of .the trace metals· Al, Fe, Mn, Gu, Zn, Ni, Cr, Pb, and. 
Cd in the unwashed and acid-washed·filters by atomic absorption spectro-
photometry required prior destruction of the filter matrix using a low-
temperature asher at a power setting of 50 Wand o2 flow rate of 150 ml 
. -1 
min for 12 h. The resulting ash was taken up in 50 µl 20 M SuprapufE) 
HF and 50 µl redistilled 16 M HN0
3 
followed by dilution with 1 ml deion-
ized H20·. This procedure has been described in detail elsewhere (1). 
Atomic absorption analysis was accomplished using a Perkin-Elmer Model 
503 atomic absorption spectrophotometer with HGA 2100 graphite furnace. 
Procedural blanks were determined by carrying the teflon beakers in which 
the filters were ashed through the entire procedure without filters. 
Filters used to determine the effects of acid washing on retentive 
properties of Whatman 41 filters were treated in a manner identical to 
the above procedure with the exception that 47 mm diameter filters were 
used. Atmospheric particulate samples were collected for comparative 
purposes at the University of Rhode Island's Graduate School of Oceanog-
raphy campus located on Narragansett Bay, Rhode Island, with these acid-
washed filters and unwashed filters taken from the same initial batch. 
-3 Sample volumes ranged from 60 to 150 m collected at flow rates of 40 
to 60 1 min-l or 4 - 6 1 min- 1cm-2 
Analysis of these atmospheric samples for Al, Mn, and V was accom-
plished using a nondestructive neutron activation analytical technique 
similar to that described elsewhere (1). 
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Nuclepore Filters 
Nuclepore filters, 47 mm in diameter with a stated pore size of 
0.4 µm were prepared using two different procedures. The first pro-
cedure, used to prepare a series of blanks labelled T-WW, was as follows. 
Filters were placed on the bottom part of a previously acid-cleaned 
47 mm Millipore in-line glass-filled polypropylene filter holder. A 
strong jet of deionized H2o from a plastic wash bottle was then directed 
across the top of the filter to remove loosely adhered particles which 
might have been present ahd then the top section of the filter holder· 
was immediately installed. This was followed with a rinse of three 
1 - 3 ml portions of deionized H2o with suction applied, removal of the 
filter, and storage in acid-cleaned polyethylene vials. This series, 
consisting of 10 filters taken from one initial batch of filters, was 
prepared on board ship during R/V TRIDENT cruise TR-137 from Bermuda 
to Narragansett, Rhode Island. 
The second procedure, used to prepare the series of blanks desig-
nated T-AW, incorporated acid washing as an additional step. Nuclepore 
filters were prepared by soaking them overnight in an equivolume mixture 
of 1 M quartz-distilled HN0
3 
and 1 M Suprapu~ HF contained in a closed, 
previously acid-cleaned polyethylene container. Each filter was then 
· removed without rinsing and placed in the bottom half of the in-line 
filter holder as described earlier. Subsequent treatment was exactly 
as described for the T-WW filters excep.t that in between the rinsing of 
the top of the filter with the jet of deionized H2o and the final flow-
through rinse with deionized H2o, an intermediate step was added. This 
consisted of passage of a 3 ml portion of 0.1 M quartz-distilied HN03 
through the filter with suction applied after installation of the top 
section of the filter holder.· Preparation of this. series occurred on 
board R/V TRIDENT cruise TR-152 from Narragansett, Rhode Island to 
Bermuda. Filters were taken from a single previously unused batch of 
filters. 
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The size of the filtering apparatus used to prepare the filters in 
both series described above. prohibited its placement within a clean 
bench or similar apparatus. Exposure of the filters and internal parts 
of the filter holders to the ambient environment was, however, kept as 
short as possible. 
Analysis of the Nuclepore filters for Al, Fe,. Mn, Cu, _Zn, Ni, Cr, 
Pb, and Cd by atomic absorption was identical to that for the Whatman 
41 filters, with the exception of a 3 h low-temperature ashing time for 
the Nuclepore filters. 
RESULTS AND DISCUSSION 
Whatman 41 Filters 
The results of the analysis of acid-wa~hed and_ unwashed sub-sampl~s 
of five Whatman 41 filters are given in table 1 as the mean concentra-
tion and its stand;ud deviation for each of the metals. The metal con-
tents determined for unwashed Whatman 41 filters for these metals by 
other investigators, when available, are also reported for comparative 
purposes (2, 3). The mean values for both of the acid-washing treat-
ments produced metal contents in the washed filters which were 2 to 40 
times lower than that observed in the unwashed filters. Even greater 




















































































































































































































































































































































































































The exception to these observations was the HF-HN0
3 
washed Zn results, 
which were higher than that of the unwashed filters. This was either 
due to contamin.ation during processing or a failure of the HF-HN0
3 
to 
reduce the unwashed filter Zn content. 
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The possible alteration of the filter matrix, and consequently a 
possible change in its retentive properties, was considered as a poten-
tially deleterious effect ·of acid-washing. Damage to the polycarbonate 
matrix of the Nuclepore filters was not considered to be a problem (4). 
However, structural damage to the more fragile cellulose matrix of the 
Whatman 41 filters, due to the physical and chemical treatment received 
by the filters during acid washing, was considered a possibility. This 
popsibility was investigated by collecting aerosol samples simultaneously 
using unwashed and acid-washed Whatman 41 filters. Concentration dif-
ferences between the two samples collected simultaneously would indicate 
structural alterations which could lead to either an increase or decrease 
in the retention of the acid-washed filter. However, if concentrations 
obtained using both the acid-washed and unwashed filters were not signifi-
cantly different, insignificant damage to the filter matrix could be 
assumed. 
No difference in flow rates between the acid-washed and unwashed 
filters were detected. The results of the neutron activation analyses 
for Al, Mn, and Vin the aerosol samples collected on the acid-washed 
and unwashed filters are given in table 2. Data on the comparison of 
HF-HNO washed filters with unwashed filters was obtained from only one . 3 . 
experiment .and should be inte-rpreted accordingly. ·Generally the agree-
ment be.tween acid-washed and unwashed filters was quite good. There 
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TABLE 2 
COMPARISON OF AEROSOL Al, Mn, AND V CONCENTRATIONS DETERMINED 
USING ACID-WASHED AND UNWASHED WlIATMAN 41 FILTERS 
Run Metal Washed Unwashed Washed 
-3 (ng rn ) -3 (ng m ) Unwashed 
Al 410 ± 30* 420 ± 30 O .98 
A Mn 5.9 ± 0.2 5.6 ± 0.2 1.05 
V 7.8 ± 0.4 7.6 ± • 0. 3 1.03 
Al 680 ± 40 680 ± 40 1.00 
B Mn 8.3 ± 0.3 9.0 ± 0.4 0.92 
V 10. 2 ± 0.4 10 .1 ± 0.4 1.01 
Al 1020 ± 40 • 900 ± 30 1.13 
C Mn 13.1 ± 0.4 11.0 ± 0.4 1.19 
V 27.0 ± 0.9 24.3 ± 0.9 l.ll 
Al 1160 ± 50 1000 ± 70 1.16 
D Mn 20.6 ± 0.6 19.9 ± 0.6 1.04 
V 41.5 ± 1.4 41.9 ± 1.6 0.99 
Al 1000 ± 90 810 ± 40 1.23 
E Mn 13.7 ± 0.4 11.9 ± 0.4 1.15 
V 17.7 ± 1.0 17.6 ± 0.7 1.01 
Al 720 ± 180 640 ± 160 1.13 
• F** Mn 14.3 ± 0.4 12 .. 8 ± 0.4 1.12 
V 17.3 ± 1.6 16.2 ± 1.4 1.07 
Al 1.11 ± 0.10 
Mean Mn 1.08 ± 0.10 
V 1.04 ± 0.05 
*Uncertainties due to counting statistics only 
**HF-HN03 washed filter, all others 
were HCl washed 
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was no evidence to suggest a significant change in retention of the HCl-
washed filters for either V, which is usually associated with the smaller 
size aerosol particles, or Al, which is generally found on the larger 
aerosol particles (5). A similar observation was made for Mn, which was 
found to have a mixed-size distribution with both small and large particle 
components (5). The results of the one comparison using the HF-HN03 
washed filter were similar, and were included in the calculations of the 
mean acid-washed:unwashed ratios given in table 2. The slightly higher 
than l washed to unwashed concentration ratios for Al, Mn, and V were 
not significant (P > O. 05) according to the Student's t test. 
Nuclepdre Filters 
.Metal contents and their respective uncertainties for the Nuclepore. 
filters prepared using the·two different washing procedures are given 
in table 3. The acid-washed T-AW series gave blank values and uncer-
tainties consistently lower than or equal to the corresponding values 
for the T-WW series. Interpretation of these data are somewhat diffi-
cult since different batches of filters were treated. However, compari-
son of the T~AW values ·with those of T-WW values seemed otherwise justi-
fied as they were prepared under identical conditions, the only other 
important variable being the acid-washing step. The effect of acid 
washing was most dramatic with respect to the metal contents for Zn, Ni, 
Pb, and Cu and the uncertainties for Zn, Ni, and Pb. 
As a practical example of the utility of acid-washing the two 
types of filters examined here, the uncertainty of the non-acid-washed 
. filters and acid-washed filters for a given trace metal have been com-
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TABLE 3 
COMPARISON OF METAL CONTENTS AND UNCERTAINTIES 
OF NUCLEPORE FILTER BLANKS PREPARED 
USING TWO DIFFERENT PROCEDURES 
Metal T-WW Series T-AW Series 
(ng -2 cm ) (ng -2 cm ) 
Al < 2 < 2 
Mn 0.11 ± 0.06 0.08 ± 0.06 
Fe 14 ± 5 8 ± 2 
Cu 0.7 ± 0 .1 0.23 ·± 0.07 
Zn 3 ± 2 0.3 ± 0 .1 
Ni 1.7 ± 0.7 0.63 ± 0.06 
Cr 0.5 ± 0.1 0.5 ± 0 .1 
Pb 0.5 ± 0.2 0 .16 ± 0.03 
Cd 0~006 ± 0.006 0.012 ± 0.006 
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pared to the weight of that metal which might reasonably be expected to 
be obtained from sampling a low-level particulate trace metal environ-
ment. Since the uncertainty in the blank, and not necessarily the mag-
nitude of the blank, often controls the precision of the sample analysis, 
the uncertainty of the blank in each case has been expressed as the per-
cent relative standard deviation of the sample. 
The particulate trace metal sample values used in table 4 were based 
on filtration of 100 m3 of Bermuda air using a 20 x 25 cm Whatman 41 
filter and calculated from Bermuda air concentration data (6). It should 
be pointed out that air volumes originally sampled to obtain the concen-
trations reported by these authors were at least an order of magnitude 
greater than used in the calculations for table 4. It is apparent from 
inspection of the values in table 4, however, that reliable values, ex-
cept for Ni and Cr, could have been obtained on sample volumes as small 
3 as 100 m. This assumes, of course, that the principal source of uncer-
tainty was that of the blank. 
Tab-le 5 provides a similar comparison for non-acid-washed and acid-
washed Nuclepore filters for those metals showing substantial improve-
ment in their uncertainties. Ten liters was considered a reasonable 
volume to use for Sargasso seawater and, if anything, may be too generous 
as clogging of a 47 mm 0.4 µm Nuclepore filter can often occur before 
this volume of Sargasso Sea surface water can be filtered. It is appar-
ent from these results that the precise determination of particulate Zn, 
Ni, and Pb in these waters is dependent on prior acid washing to reduc_e 
the respective uncertainties for these metals to reasonable levels. 
TABLE 4 
UNCERTAINTIES OF UNWASHED AND ACID-WASHED 20 x 25 cm WHATMAN 41











DEVIATION (RSD) OF 100 m3 BERMUDA EROSOL SAMPLE 
Weight RSD (%) RSD (%) 
in Sample* Unwashed Acid-Washed 
(µg) Filter Filter 
13.0 4 3 
0.15 70 10 
9.7 96 6 
0 .10 160 15 
0.26 140 12 
0.008 . 12900 129 
0.03 4000 2100 
0.34 5 3 
0.016 97 10 
*Weight calculated using mean Bermuda air concentrations (6) 
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TABLE 5 
UNCERTAINTIES OF NON-ACID-WASHED AND ACID-WASHED 47 mm 0.4 µm 
NUCLEPORE FILTERS EXPRESSED AS PERCENT RELATIVE STANDARD 
DEVIATION (RSD) OF 10 L SARGASSO SEA SURFACE SAMPLE 
Metal Weight RSD (%) RSD (%) 
in Sample* Unwashed Washed 
(ng) Filter Filter 
Zn 26 133 7 
Ni 10 121 10 
Pb 14 25 4 
*Weight calculated using mean Sargasso Sea surface water 
concentrations (7) 
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These attempts to reduce the blank levels and uncertainties for 
Whatman 41 and Nuclepore filters by acid washing were by no ~eans ex-
haustive. Further, more detailed work may lead to even more dramatic 
improvements in this respect. Sonication during acid washing, for ex-
ample, could lead to even further reduction in blank levels and vari-
ability. 
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However, these data are consistent with the hypothesis that either 
proton-exchangeable and/or physically associated contaminants can be, 
removed by simple acid washing of these filter matrices. The residual 
metals associated with the filters after acid washing seem more inti-
mately associated with the matrix as indicated by the reduced variability 
in metal content from filter to filter. 
Preparation of these filters by acid washing prior to their use for 
low-level sampling in both the atmospheric and aqueous environments 
should allow more precise measurements to be made and/or smaller sample 
volumes to be collected. This is especially critical where either the 
volume which can be passed through the filter is limited due to clogging, 
as is often the case for the aqueous environment, or inordinately long 
sampling times are required to achieve reasonable sample to blank ratios, 
which is currently the situation for atmospheric particulate s_ampling in 
remote areas. 
r - 248 
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